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The management of highly saline wastewater released from hydraulic fracturing—also known 
as fracking—a hydrocarbon releasing process used in the rapidly growing shale gas industry, is 
a serious challenge for industry and regulators due to its adverse effects on public health and to 
the environment in general. As well, fracking wastewater also contains particularly concerning 
levels of suspended solids, mainly comprised of sand and oil. Pre-treatment of fracking 
wastewater through microfiltration (MF) can effectively remove these suspended solids and 
oily materials. Forward osmosis (FO), an emerging membrane-based technology, is a feasible 
method for the treatment of fracking wastewater. For the FO process to be successful, an 
effectively engineered draw solution, a robust FO membrane, and an efficient pre-treatment, 
such as MF are required. FO is particularly effective when combined with membrane 
distillation (MD) for the recycling of the FO draw solutions. Therefore, the goals of this 
research project were to a) identify an effective draw solution for FO and b) fabricate two types 
of advanced membrane materials: MF membranes with high water flux, high rejection, and 
antifouling properties, and a FO membrane for recycling fracking wastewater with high water 
flux, high rejection, and antifouling properties. In this research, a comprehensive study was 
conducted to identify novel, yet effective, organic draw solutions for the treatment of fracking 
wastewater by FO. A novel high water-flux polyvinyl acetate-coated electrospun nylon 6/silica 
(SiO2) composite MF membrane was fabricated and its performance was tested in regard to 
water flux, oil rejection, and antifouling properties. In the next stage of this research, a new FO 
membrane material with high water-flux with high rejection and antifouling properties was 
fabricated and characterized. Finally, real fracking wastewater was treated using MF and then 
FO—combined with MD as a downstream separator—using the fabricated membranes. In the 
pre-treatment stage, ~98.5% turbidity and ~52% of total organic carbon (TOC) were removed 
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from the fracking wastewater via the MF process. Finally, treated water with TDS 23-44 mg/L 
was obtained from the pre-treated wastewater via the combined FO/MD process. This produced 
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Chapter 1: Introduction 
Shale gas is widely produced in many regions across the United States of America through a 
process called hydraulic fracturing (fracking). In this process, fractures in the underground 
rocks containing natural gas are created by pumping fluids to target underground rock layers at 
high pressures through a hole drilled from the surface. The fluids used for hydraulic fracturing 
generally consist of water, sand, and chemical additives that can open and extend naturally 
existing fractures in the underground rocks. The fractures can be extended through the rock for 
several hundred feet from the drilled hole. The pumped sand particles keep the fractures open 
so newly liberated natural gas comes out easily from the underground rocks. A simple 
schematic of the hydraulic fracturing process is exhibited in Figure 1-1.  
 
Figure 1-1. A simple schematic of the hydraulic fracturing process [1]. 
Because of the need for high pressure fluids to fracture rocks, large volumes of fracking fluid 
are employed during hydraulic fracturing, and therefore huge amounts of wastewater are 
discharged into the environment. Hydraulic fracturing fluid, called fracking wastewater, has 
significant adverse effects on both human health and the environment in general due to its high 
salinity. The effective management of fracking wastewater is a major concern for both the shale 
gas industry and industry regulators in order to balance the economics and the adverse effects 
of shale gas development. Recycling of fracking wastewater is therefore a potentially effective 
way to increase hydraulic fracturing viability.  
 Forward osmosis (FO) is an emerging technology that has been identified for the 
recycling of fracking wastewater through desalination. FO is a natural osmotic process in which 
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pure water flows from a feed/diluted solution to draw/concentrated solution through a semi-
permeable membrane due to the difference in solute concentration—also known as osmotic 
pressure—between these two solutions. In fact, the semi-permeable membrane rejects salts and 
undesirable elements but allows water to flow through the membrane, and the draw solution 
creates a high osmotic pressure across the membrane, which is why water flows from the feed 
side to the draw side. A simple schematic representation of the forward osmosis process is 
exhibited in Figure 1-2.  
 
 Effective membranes and suitable draw solutions are two important aspects that need to 
be optimized to allow for the efficient treatment of fracking wastewater through forward 
osmosis process. Membranes currently in use are prone to fouling and as such demonstrate low 
water flux, and draw solutions in use don’t show the necessary osmotic pressure, often leading 
to low osmotic pressures with high reverse salt flux. A membrane with high flux, high rejection 
and antifouling properties, and a draw solution offering high osmotic pressure yet low reverse 
salt flux are crucial to making the forward osmosis process successfully applicable in recycling 
fracking wastewater.  
 Moreover, the pre-treatment of fracking wastewater, before forward osmosis, is 
necessary to increase the efficiency and life expectancy of forward osmosis membranes by 
minimizing membrane fouling via preventative measures. The composition of fracking 
wastewater indicates that microfiltration should be an effective pre-treatment method for this 
type of wastewater. Microfiltration is a pressure dependent physical separation process in 
which insoluble solids, turbidity, and microorganisms can be removed from wastewaters based 
on the pore sizes (0.1 - 10 µm) of the membrane used in the process [2]. A simple schematic 
















However, a general lack of suitable MF membranes is a major drawback for wider use of 
microfiltration as a pre-treatment step for fracking wastewater. Currently, the microfiltration 
membranes available provide low water permeability with a high propensity toward fouling. 
However, a highly permeable membrane with high rejection and antifouling properties is vital 
for microfiltration pre-treatment of fracking wastewater.  
 Therefore, the purpose of this research is to (1) fabricate a forward osmosis membrane 
with high flux with high rejection and antifouling, (2) identify suitable draw solutions with high 
osmotic pressure yet low reverse salt flux, and (3) fabricate a microfiltration membrane—
showing high permeability, high rejection and antifouling propensity—for the pre-treatment of 
fracking wastewater to be recycled by forward osmosis and then membrane distillation 
processes. 
 Electrospinning is a process that can produce continuous polymer fibers—with 
diameters in the range of nanometers—through the application of an external electric field 
imposed on a spinneret containing the solutions of polymer or polymer/nanoparticles blend. 
Electrospun nanofiber mats possess some unique structural features such as a high surface-area-
to-volume ratio, interconnected open pores and high porosity. These characteristics make them 
extremely suitable to fabricate membranes for water filtration applications. Therefore, the 
electrospinning technique can be used to fabricate suitable membranes for forward osmosis and 
microfiltration processes. 
 The complete process (conceptual) implemented for the treatment of fracking 
wastewater is shown in Figure 1-4. The initial, raw fracking wastewater contained dissolved 
organic compounds and inorganic salts with insoluble sand particles and oil. Microfiltration 
was used to remove both the sand particles and the oil from the wastewater. Afterward, forward 
osmosis and then membrane distillation processes were used to desalinate the fracking 
Figure 1-3. A simple schematic representation 




wastewater. In fact, when put into practice, treated water with TDS 23-44 mg/L was obtained 
from fracking wastewater after the combined MF-FO-MD treatment.  
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Figure 1-4. A conceptual 
schematic of proposed 
fracking wastewater 
treatment  process. 
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Chapter 2: Literature Review, Thesis Motivation and Objective 
2.1 Hydraulic fracturing and wastewater produced 
A substantial amount of natural gas can be held in porous pockets of underground rock. This 
phenomenon is described as “shale gas” [4]. In 2008, shale gas accounted for roughly 30 
percent of the total national natural gas production of the United States [5]. This is a significant 
increase from only 4 percent of national production in 2005 [5]. Shale gas production has 
grown from less than 1 billion cubic feet per day in 2000 to almost 12 billion cubic feet in 
2012, which accounts for U.S. to become a net exporter of natural gas. The total production of 
shale gas was expected to double further to over 24 million cubic feet by 2015, and triple by 
2030 [4, 6]. The U.S. Energy Information Administration (EIA) estimates that shale gas will 
comprise 50% of all national natural gas production by 2030 [7]. However, major shale gas 
production is not confined to the United States alone. With Australia, Canada, China, the 
European Union as a whole, India, Indonesia, and Russia all producing shale gas, the 
International Energy Agency [8] expects the production of natural gas to more than triple by 
2035, and $ 6.9 trillion USD will have been invested in production infrastructure by that point. 
The EIA estimates that there are 48 major shale gas basins around the world, located in 32 
countries, with a reserve size similar to that of conventional natural gas reserves [9].  
Drilling into shale rock and injecting fluid into the ground at high to crack the shale and 
release the natural gas held inside is referred to as “hydraulic fracturing” or “fracking” for short 
[8,10]. In this process, access to the shale is made via drilling, after which a sand/water 
suspension and proppants (chemicals) are pumped into the shale layer at high pressures. 
Consequently, natural gas is released and flows back to the surface with the drilling fluids [8, 
11-12]. A schematic of the hydraulic fracturing process is shown in Figure 2-1. Hydraulic 
fracking has opened shale formations as viable natural gas zones [8,10]. Currently, shale gas is 
being produced in many regions of the United States [13], with Texas, Pennsylvania, 
Louisiana, and Arkansas leading production in 2014 [14]. It is expected that about 80 percent 
of all natural gas production sites developed over the next decade will employ hydraulic 





Figure 2-1. Schematic of the hydraulic fracturing process [16]. 
The production of shale gas through hydraulic fracturing has been widely criticized due to the 
potential entry of hydraulic fracturing fluids—called fracking wastewaters—into the 
environment during the fracturing process and the subsequent management of these 
wastewaters after industrial use [17]. It has been estimated that 2-4 million gallons of water are 
required for drilling and hydraulically fracturing a shale gas well [18]. Effective management 
of fracking wastewater is of  major concern in order to balance the economics of shale gas 
development and the effects on both human health and the environment at large [19-20]. The 
main negative characteristic of shale gas wastewater is its high-salinity, due to the water 
coming into contact with different types of salts trapped in the shale as underground brines 
[21]. As well, fracking wastewater is enriched with isoproponal, ethylene glycol, N,N-Dimethyl 
formamide, glutaraldehyde, oil, and sand [22-25]. All of these organic compounds, along oil 
and sand are pumped into the shale layer during hydraulic fracturing. A complete list of the 
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ions and the compounds found in fracking wastewater, and their functions are listed in Table 2-
1. 
Table  2-1. Composition of fracking wastewater by ions and compounds, and their function in 
the hydraulic fracturing process [19, 22-25]. 
Component Concentration (mg/L) Function 
Chloride (Cl-) 135590 - 
Bromide (Br-) 1600 - 
Sulfate (SO4
2-) 501 - 
Carbonate (CO3
2-) 660 - 
Sodium (Na+) 44000 - 
Calcium (Ca2+) 31000 - 
Magnesium (Mg2+) 2000 - 
Strontium (Sr2+) 6800 - 
Barium (Ba2+) 4700 - 
Potassium (K+) 622 - 
Manganese (Mn2+) 7 - 
Iron (Fe3+) 55 - 
Isopropanol 668 Surfactant 
Ethylene glycol 473 Scale inhibitor 
N,N-Dimethyl formamide 19 Corrosion inhibitor 
Glutaraldehyde 11 Biocide 
Sand 2500 To keep fissures open 
Oil 700 Friction reducer 
pH 4-10 - 
Total dissolved solids 228706 - 
 
Currently, the deep-well underground injection method (Figure 2-2) is used to manage fracking 






A possible solution to these noted environmental issues is the treatment of fracking wastewater 
before discharge/reuse. However, treatment of highly saline wastewater is challenging and 
energy intensive.  
2.2 Technologies for treatment of fracking wastewater 
Various technologies such as mechanical vapor compression, reverse osmosis,membrane 
distillation, and forward osmosis can be used for the desalination of fracking wastewater [24]. 
All of these processes are described in the following sections.  
2.2.1  Mechanical vapor compression 
Mechanical vapor compression uses electrical energy to drive seperation. In this process, 
electricity is used to supply thermal energy for the desalination of saline water. This process 
consists of an open-loop heat pump, where a compressor driven by an electrical motor, supplies 
the energy required to evaporate water from a high-salinity feed [27]. A schematic 
representation of the mechanical vapor compression process is shown in Figure 2-3. Currently, 
mechanical vapor compression is used for the desalination of seawater and wastewater 
produced from heavy-oil fields [27-29].  
 
Figure 2-2. Deep well underground injection 




Figure 2-3. A schematic representation of mechanical vapor compression process [30]. 
Compared to the other production-water desalination technologies, the primary drawback of 
this process is its high energy requirements (10.4−13.6 kW h/m3 distillate) [27-28]. Also, the 
mechanical vapor compression process requires high-grade electrical energy to perform the 
separation process. Hence, an existing power grid or other continuous supply of electricity is 
required to apply this technology to the desalination of saline water [31-32].  
2.2.2  Reverse osmosis 
Reverse osmosis (RO) is a membrane-based pressure-driven process for the desalination of 
saline water [33]. To accomplish RO, applied pressure is required to force water molecules 
through the membrane, over coming the osmotic pressure that is driven by the concentration of 





Figure 2-4. A shematic representation of the RO process [34]. 
RO is an energy-intensive process that requires a specific energy of about 2 kWh/m3 permeate 
for the desalination of seawater [35]. The salinity of fracking wastewater is higher than that of 
seawater. Therefore, the required specific energy for desalination of fracking wastewater will 
be higher than that needed for desalination of seawater. Also, a high propensity of membrane 
fouling is common in the pressure-driven RO process.  
2.2.3. Membrane distillation 
Membrane distillation (MD) (Figure 2-5) is an emerging technology that utilizes low-grade 
heat or industrial-waste heat at a temperature of approximately 50°C to drive separation [24]. 
MD is a thermally driven process where water vapor transport occurs through a non-wetted 
microporous hydrophobic membrane. The driving force behind the MD process is the vapor 
pressure gradient, which is generated by the temperature difference across the membrane. As 
the driving force involves vapour pressure and it is not purely thermal, membrane distillation 
can occur at a lower temperature than conventional thermal distillation. The hydrophobic 
nature of the membrane prevents penetration of the pores due to surface tension, unless a trans-
membrane pressure higher than the membrane liquid entry pressure is applied. Therefore, 
liquid/vapor interfaces are formed at the entrance of each pore. Water transport through the 
membrane can be summarized in three steps: (1) the formation of vapor at the hot feed 
solution/membrane interface; (2) the transport of the vapor phase through the microporous 
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system; (3) the condensation of vapor at the “cold side” of the membrane/permeate solution 
interface [36-37]. However, the composition of fracking wastewater creates some unique 
challenges in the MD process [24]. During hydraulic fracturing, certain feed components, such 
as alcohols and surfactants, are added and these substances can lower the liquid surface tension 
of the feed solution and cause wetting of the pores of the membrane [38-40]. The feed solution 




Figure 2-5. Various configurations of membrane distillation process [41]. 
2.2.4  Forward osmosis 
Forward osmosis is a natural osmotic process in which pure water flows from a diluted solution 
(feed solution) side to a concentrated solution (draw solution) side through a semi-permeable 
membrane due to differences in the concentration (or osmotic pressure) between these two 
solutions [42-43]. In fact, the semi-permeable membrane rejects salts and undesirable elements 
yet allows water to flow to the draw solution, creating a high osmotic pressure across the 
membrane, driving water to flow from feed to draw side. A schematic representation of an 






Figure 2-6. A schematic representation of experimental set up of FO process. 
FO is an emerging technology for desalination. This process is advantageous as compared to 
other technologies for the desalination of highly saline feed wateras it requires fairly 
straightforward and inexpensive equipment that operates at low-pressures as water is 
transported through the membrane due to osmotic pressure rather than by applied hydraulic 
pressure [24]. The low-pressure required for the operation of the FO process also leads to a low 
propensity for irreversible fouling of the membrane [44-46]. 
2.2.4.1 Membranes used in FO process 
The first asymmetric cellulose acetate RO membranes developed in the 1960’s [47] were 
initially intended for FO, however, due toinherent transport limitations were considered 
ineffective. Other RO membranes have also shown non-impressive results for FO due to 
hydrophobicity and relatively thick support layers [48]. Thick support layers often lead to poor 
performance of osmotically driven membrane processes, which can be mostly attributed to 
concentration polarization (CP).  
Both internal CP (ICP) and external CP (ECP) exist. CP is caused by a balance between 
flux, rejection, and diffusion,and lowers both flux and membrane selectivity. ICP is exclusive 
to FO and occurs within the porous support layer of the membrane, while ECP is present at the 
surface of the dense active layer. The breakthrough necessary for the wider implementation of 
























allowing higher fluxes through reduced ICP [49-50]. ICP, however, is still an issue for FO and 
is the main driver for further membrane development. 
 For wastewater treatment specifically, the propensity for FO membrane fouling needs to 
be addressed more vigilantly. The ideal FO membrane must also allow fast transport of water 
towards the draw side, with ideally no migration of solutes between the draw and feed 
solutions. Desirable FO membrane characteristics for use in wastewater applications demand 
(1) a dense, ultra-thin, active separating layer for high solute rejection; (2) an open, thin (as 
possible), hydrophilic support layer, with high mechanical stability, sustaining long-term 
operation and reducing ICP; and (3) a high affinity for water (hydrophilicity) for enhanced flux 
and reduced fouling propensity. 
 Different materials have been used for FO membranes [51]. The widely-used cellulose 
triacetate membrane is highly resistant to chlorine [52] and is unsusceptible to adsorption of 
mineral and fatty oils, including petroleum. Cellulose triacetate is also less sensitive to thermal, 
chemical and biological degradation [53], and hydrolysis at alkaline conditions than is cellulose 
acetate. However, permeability and fouling have been issues for cellulose triacetate 
membranes. New generation, commercial thin-film composite (TFC) membranes for FO are 
reportedly superior to cellulose triacetate membranes [51], in regards to permeability and 
stability at broader pH ranges. Still, permeability and fouling propensity are significant issues 
for commercial TFC membranes.  
2.2.4.2 Draw solutions for FO process 
Choice of a draw solution plays a significant role in the FO process. An effective draw solution 
can contribute to obtaining high water flux. Commonly used draw solutions in osmotic 
processes are inorganic salts (calcium chloride, calcium nitrate, potassium bromide, potassium 
chloride, potassium bicarbonate, potassium sulfate, magnesium chloride, magnesium sulfate, 
sodium chloride, sodium bicarbonate, sodium sulfate, ammonium chloride, ammonium 
bicarbonate, ammonium sulfate) [54-56]. However, the reverse salt fluxes of inorganic draw 
solutions tend to skew high and as such it is likely to obtain low water flux in the FO process. 
In fact, reverse salt flux generates ICP and ECP which decreases water flux in the FO process. 




2.2.4.3. Downstream separation in FO process 
To further increase commercial viability of FO, the draw solution needs to be reused. 
Currently, two types of separation processes—membrane distillation and thermal distillation—
are being used to recycle draw solutions in FO [56-57].  The separation process is selected 
depending on the characteristics of the draw solution. Membrane distillation and thermal 
distillation were chosen as separation processes for distillable and thermolytic draw solutions, 
respectively [56-57].  
2.3 Problems with potential technology for desalination of fracking wastewater 
FO is the most promising technology for the desalination of fracking wastewater as compared 
to other existing technologies such as mechanical vapor compression, reverse osmosis, and 
membrane distillation. However, effective membranes and draw solution are concerns for the 
application of this technology (FO) for desalination purposes.  
2.4 Pre-treatment of fracking wastewater for the FO process 
The primary objective of pre-treatment is to make the feed water more compatible with the FO 
membrane. Pre-treatment is required to increase the efficiency and life expectancy of the 
membrane elements by minimizing fouling of the membrane. Fracking wastewater contains 
sand particles and oil, with dissolved organic compounds and inorganic salts [22-25]. Pre-
treatment can remove sand particles and oil from fracking wastewater, making this wastewater 
suitable for desalination via FO.  
2.4.1 Technologies for pre-treatment of fracking wastewater 
Wastewater can be pre-treated by using various technologies such as pre-screens, clarifier, 
media filtration, activated carbon, greensand filter, ozone, UV, coagulation, flocculation, 
sedimentation, ultrafiltration, or microfiltration. The functions of each technology are described 









Table 2-2. Wastewater pre-treatment technologies with their functions [58]. 
Technology Function 
Pre-screens Large objects and sand removal 
Clarifier Suspended solids reduction 
Media filtration Suspended solids removal 
Activated carbon Organic removal and dechlorination 
Greensand filter Iron / Manganese reduction 
Ozone Organic removal and reducing biological activities 
UV Reducing biological activities 
Coagulation  
Particulate, organic and biological activity removal Flocculation 
Sedimentation 
Ultrafiltration Particulate and bacteria removal and organic reduction 
Microfiltration 
 
Ultrafiltration and microfiltration processes are commonly used for the separation of oil from 
water [59-62]. Depending on the insoluble contaminants in fracking wastewater (sands and oil), 
sedimentation and either ultrafiltration or microfiltration can be used as pre-treatment 
technologies. Sedimentation removes sand particles, while both ultrafiltration or microfiltration 
remove oil from the fracking wastewater. However, microfiltration is more convenient than 
ultrafiltration, which needs to higher pressures but provides lower permeability than 
microfiltration. The operating modes of the microfiltration process are exhibited in Figure 2-7. 
 
2.4.2 Problems with potential technology for the pre-treatment of fracking wastewater 
As discussed in the earlier section, sedimentation and microfiltration are suitable technologies 
for pre-treatment of fracking wastewater. However, a lack of suitable membranes is a crucial 
issue for MF process. MF membranes currently in use provide low water permeability with a 
propensity toward fouling.  
 
Figure 2-7. Dead-end and cross-flow operation 
modes of the microfltration process [63]. 
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2.5 Thesis motivation 
The amount of global fracking wastewater will be increasing daily due to the rising application 
of hydraulic fracturing. This increased amount of fracking wastewater will have a general effect 
of reducing the volume of fresh water reserves. The fracking wastewater produced should be 
reused/recycled in order to keep the reserve of fresh water constant and to protect the 
environment at large. As high salinity fracking wastewater cannot be reused/recycled directly, a 
feasible treatment method is necessary to make this wastewater suitable for reuse or recycle. 
Literature has demonstrated that the emerging forward osmosis process, coupled with 
microfiltration as a pre-treatment method is a viable strategy to treat the fracking wastewater 
[24, 59-62]. However, the viability of forward osmosis and microfiltration processes to treat 
wastewater depends on certain technological aspects, such as, choice/development of a suitable 
FO membrane, choice of effective draw solutions to be used in the FO process and 
choice/development of a suitable membrane for MF. Currently, existing literature lacks suitable 
membranes for FO and MF processes and effective draw solutions for FO process. Therefore, 
the fabrication of suitable membranes for these two processes and selection of effective draw 
solutions for FO are required to effectively treat fracking wastewater.  
Electrospinning is a process that can produce continuous polymer fibers with diameters in the 
range of nanometers through the application of an external electric field imposed on a spinneret 
containing the polymer solution [64-65]. Electrospun nanofiber mats possess some unique 
structural features such as a high surface area-to-volume ratio, interconnected open pores and 
high porosity. These characteristics make them extremely suitable to fabricate membranes for 
water filtration applications [66-69]. Electrospun nanofiber mats obtained from hydrophilic 
polymers or hydrophilic polymers mixed with hydrophilic nanoparticles can be used to 
fabricate highly effective membranes for FO and MF processes. A schematic representation of 





2.7 Thesis objective 
The goal of the research is to treat fracking wastewaters by a combined MF/FO/MD process. 
In order to achieve the above goal, a polyvinyl acetate-coated electrospun nylon 6/SiO2 
composite MF membrane and a TFC FO membrane with polyamide/SiO2 active layer 
supported by electrospun nylon 6/SiO2 composite substrate have been fabricated. A 
comprehensive study has also been conducted to identify effective organic draw solutions to 
attain the above goal. 
The fabricated membrane materials and efficient draw solutions with their functions are as 
follows: 
- Highly hydrophilic polyvinyl acetate (PVAc)-coated electrospun nylon 6/SiO2 
composite MF membrane: To provide higher water flux and antifouling properties with 
the rejection of suspended solids and oil found in fracking wastewater.  
- Highly hydrophilic electrospun nylon 6/SiO2 composite supported TFC FO membrane 
with polyamide/SiO2 composite as active layer: To provide higher water flux and 
antifouling properties in the FO process with the rejection of dissolved solids found in 
fracking wastewater.  
- Effective organic draw solutions for the FO process: An essential requirement of the FO 
process is the draw solution. Effective organic draw solutions exhibit higher osmotic 
pressure with lower reverse salt flux. The higher osmotic pressure with a lower reverse 
salt flux of the draw solution contributes to higher water flux through the membrane.  
Figure 2-8. A schematic 





Chapter 3: A High Flux Polyvinyl Acetate-coated Electrospun Nylon 6/SiO2 Composite 
Microfiltration Membrane for the Separation of Oil-in-Water Emulsion with Improved 
Antifouling Performance  
[Islam et al., J. Membr. Sci. 537 (2017) 297-309] 
 
Abstract 
A high flux and antifouling PVAc-coated electrospun nylon 6 (N6)/SiO2 composite MF 
membrane was prepared using a facile electrospinning technique. The fabricated MF membrane 
was robust (tensile strength of 23.3 MPa) with a porosity and average pore size of 78% and 170 
nm, respectively. The PVAc-coated electrospun N6/SiO2 composite membranes were used for 
the first time for microfiltration of oil-in-water (O/W) emulsions. This membrane achieved a 
water permeability of 4814 LMH/bar. During this microfiltration of O/W emulsions at 4 psi of 
applied pressure, the oil rejections of 98.80%, 99% and 99.20% were achieved from oil 
concentrations of 250 mg/L, 500 mg/L and 1000 mg/L, respectively. The fabricated membrane 
also showed antifouling properties with a water flux recovery of 85% with an O/W emulsion. 
Moreover, a strong interaction between the electrospun nanofiber mat and the PVAc coating 
demonstrated the structural stability of the membrane. 











Everyday large quantities of oily wastewater are released from metallurgical, transportation, 
food processing, petrochemical, oil, gas and pharmaceutical industries [70]. This oily 
wastewater released can have significant negative impacts on the environment. Numerous 
technologies such as coagulation, flocculation, heating, ozonation, air flotation, ultrasonic 
separation and membrane filtration are used to treat oily wastewater [71-75]. MF membranes 
are receiving increased attention in the treatment of oily wastewater because the approach 
requires a low operating pressure yet has demonstrated excellent oil removal [76-77]. A facile 
technique called electrospinning is currently used in the fabrication of microfiltration 
membranes for a variety of application [78-80]. Electrospinning is a process that can produce 
continuous polymer fibers with diameters in the range of nanometers through the application of 
an external electric field imposed on a spinneret containing the polymer solution [64-65]. 
Electrospun nanofiber mats possess some unique structural features such as a high surface area-
to-volume ratio, interconnected open pores and high porosity. These characteristics make them 
extremely suitable for filtration applications [66-69]. Nylon 6 is a synthetic polymer that has 
been applied to fabricate electrospun nanofiber mats [81-82]. Electrospun nylon 6 nanofiber 
mats are a suitable material for water filtration membranes because of their high mechanical 
strength, high resistance to abrasion and chemicals, extensive surface area, and high porosity 
[81-82]. The incorporation of SiO2 nanoparticles into the polymer renders the composite 
(polymer/SiO2) hydrophilic due to the superhydrophilic property of SiO2 nanoparticles [83]. In 
addition, the combination of the porous SiO2 along with the integrated network structures 
renders a composite with higher porosity and mechanical strength [84-85]. PVAc is a 
thermoplastic polymer resistant to water, grease, oil and petroleum fuels [86]. These 
characteristics permit PVAc to be a valuable material for water filtration membranes [87].  
Development of MF membranes with high water permeability and rejection (to oil), antifouling 
properties and desirable mechanical strength is crucial for their application in oil-water 
separation. The study presented here focuses on the preparation of a novel PVAc-coated nylon 
6/SiO2 composite MF membrane by utilizing the electrospinning technique and evaluating the 
separation performance in the treatment of synthetic oily wastewater emulsions. The 
electrospun N6/SiO2 composite was highly hydrophilic and exhibited high mechanical strength 
due to the superhydrophilic property of SiO2 nanoparticles and the interconnected spider-net 
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like structure of  N6 nanofiber mats, respectively. The electrospun N6/SiO2 composite was also 
highly porous. The high porosity and hydrophilicity of the electrospun N6/SiO2 composite 
contributed to high water permeability as well as the low fouling potential of the membrane. 
PVAc was used as a coating material to decrease the surface roughness and average pore size 
of the electrospun nanofiber mats. In addition, the performance of the fabricated membrane was 
compared to the commercial MF membranes comprised of polysulfone and poly(vinylidene 




Nylon 6, tetraethyl orthosilicate (TEOS), ethyl alcohol, polyvinyl acetate (Mw 140,000), 
ammonium hydroxide, acetone and sodium dodecyl sulfate (SDS) were obtained from Sigma-
Aldrich, USA. Both formic acid and acetic acid were received from Fisher Scientific, USA. 
The commercial MF membranes of poly(vinylidene fluoride) (PVDF) (DuraporeR) (mean pore 
size 0.22 µm) and polysulfone (PSf) (HT) (mean pore size 0.20 µm) were purchased from 
Millipore, USA and Pall Corporation, USA, respectively. Machine oil (90% base oil with 10% 
additives, density of 881.4 kg/m3 at 20 °C, kinematic viscosity of 271.62 mm2/s at 20 °C, and 
surface tension of 29.8 mN/m at 20 °C) was received from Canadian Tire (Canada).  De-
ionized (DI) water was obtained from a Millipore Integral 10 water system (Millipore, 
Billerica, MA). 
3.2.2 Preparation of solutions for electrospinning 
N6 (21% by weight) was dissolved in a mixture of formic and acetic acids (80% formic acid 
and 20%  acetic acid by volume) using magnetic stirring (rpm 350) for 5 h at room temperature. 
Separately, a SiO2 solution was prepared by mixing TEOS, ethanol and water at a molar ratio 
of 1:2:2, respectively, in the presence of an ammonium hydroxide catalyst and stirred at 25°C 
for 4 h. The SiO2 nanoparticles were then separated from the mixture through centrifugation. 
Subsequently, the SiO2 nanoparticles were dispersed in a formic acid (80% by volume) and 
acetic acid (20% by volume) mixture under sonication for 20 min. An appropriate ratio of SiO2 
dispersion was then added into the N6 solution and sonicated for 5 min and then stirred for 5 h 
at ambient condition. 
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3.2.3 Fabrication of MF membrane 
3.2.3.1 Electrospinning 
A schematic of electrospinning technique is shown in Figure 2-8, which is similar to other 
approaches in the literature [64, 92]. In this process, high-voltage electricity (Nanospinner 
NE300, Inovenso, Turkey) was applied to the prepared solutions in a syringe (volume 20 mL, 
inside diameter 19.05 mm) via an alligator clip attached to the syringe nozzle. The applied 
voltage was adjusted to 30 kV. The solution was delivered to the nozzle tip via a syringe pump 
to control the solution flow rate (0.18 mL/h). Fiber mats were collected on an electrically 
grounded metallic drum placed 8.8 cm above the nozzle tip [64, 92]. Temperature (25°C) and 
relative humidity (40%) were controlled throughout the fabrication process. 
3.2.3.2 Coating, drying and washing 
A PVAc coating layer was applied onto the electrospun nanofiber mat through casting and then 
phase inversion techniques. PVAc was dissolved in acetone under magnetic stirring for 3 h to 
make a 10% casting solution. The N6 nanofiber mat was first soaked in DI water before coating 
in order to minimize the penetration of the PVAc solution into the nanofiber mat. After making 
the coating, the resulting two-tier composite membrane was dried for 4 h at ambient conditions 
and then immersed in de-ionized water for 24 h in order to remove the excess solvent from the 
membrane.  
3.2.4  Fabrication of N6 and PVAc films 
Films of pristine N6 and PVAc were also prepared to investigate water contact angles. A 21% 
N6 solution (by weight) in 80% formic acid and 20% acetic acid mixture (by volume) was used 
to fabricate N6 film. The N6 solution was casted manually on a clean glass plate using a casting 
knife with the thickness of 60 µm at ambient condition. After casting, the film was dried for 24 
h at ambient condition and then it was removed from the glass plate. A 10% PVAc solution (by 
weight) in acetone was used to make PVAc film. The PVAc solution was casted manually on 
an aluminium foil putting on glass plate using a casting knife with the thickness of 60 µm at 
ambient condition. The PVAc film was dried for 24 h at ambient condition after casting and 
then it was removed from the aluminium foil. 
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3.2.5  Physicochemical characterization 
Field emission-scanning electron microscopy (FE-SEM) (QUANTA FEG 450) with a platinum 
coating on the sample surface, and transmission electron microscopy (TEM) (TF20) were 
performed to examine the morphology of the membrane. The cross-sectional morphology of 
the membrane was also investigated by FE-SEM. The pore size and the pore distributions of the 
membranes were investigated by image processing of FE-SEM’s pictures using ImageJ 
software. Discrete pore diameters were determined by analyzing FE-SEM images of the 
membranes using ImageJ software. Three hundred pores were taken into consideration to 
investigate the pore size distributions of the membranes. A structural study of the membrane 
was conducted via the use of X-ray diffraction (XRD) (Bruker D8 Discover instrument in 
which the X-ray source is copper and is equipped with a Vantec area detector), and Fourier 
transform infra-red (FTIR) (NICOLET 6700 FT-IR) spectrometry. The wettability, surface 
roughness, and tensile strength of the membrane were investigated using a VCA optima 
instrument (AST Products, Inc.), an atomic force microscope (AFM) (BRUKER, 
NanoScopeRV) and Instron (Mini 44), USA, respectively. The VCA optima instrument (AST 
Products, Inc.), was used to investigate the water contact angle of SiO2 nanoparticles. The 
analysis was performed using the same protocol for SiO2 nanoparticles described elsewhere 
[93]. Briefly, a few drops of suspension of SiO2 nanoparticles in ethanol were placed on a glass 
slide first and then dried in an oven at 80°C for 30 min followed by cooling the SiO2 
nanoparticles on the glass slide at room temperature. Then the VCA optima instrument was 
used to determine the water contact angle of the SiO2 nanoparticles placed on the glass slide. A 
particle size analyzer (DLS) (Malvern, Zetasizer Nano S90) was used to determine size 
distribution of oil droplets. The thicknesses of the membrane and film were measured using a 
TMI instrument (Testing Machines, Inc.). The oil concentrations were determined using a UV-
spectrophotometer (PerkinElmer Instruments, Lambda 40 UV/VIS Spectrometer) at a 
wavelength of 256 nm [94]. The methodology and UV-calibration curve for the determination 
of oil content in O/W emulsions are provided in the appendix (Figure A-1,  and Table A-1, 
Table A-2 and Table A-3, Appendix A). 
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3.2.6 Porosity and pore size 
The gravimetric method was used to investigate the porosity of the membrane using the 




× 100                                                                                              (3-1)    
where Ww and Wd are the weight of the wet and dry membranes, respectively; ρw is the water 
density (0.998 g cm-3); Am1 is theeffective area of the membrane and L1 is the membrane 
thickness. 
      The mean pore size was determined via the filtration velocity method. The volume of 
permeate water was obtained using a dead-end stirred cell filtration device (Millipore stirred 
ultra-filtration cells, 8010, USA, effective area of 0.0003 m2) connected to a nitrogen gas 
cylinder. The mean pore size (rm) was calculated using the Guerout-Elford-Ferry equation [96-
99]: 
rm =  √[
(2.9−1.75ε1)× 8ɳL1QT
ε1Am1∆P1
]                                                                                          (3-2) 
where ε1 is the membrane porosity; ɳ is the water viscosity (8.9 × 10−4  Pa s); L1 is the 
membrane thickness; QT  is the permeate volume per unit time; ∆P1 is the applied pressure (1 
bar) and Am1 is the  effective area of the membrane. 
The maximum pore size (Rmax) was determined via the bubble point method. The bubble point 
pressure was determined by using the aforementioned dead-end stirred cell filtration system. 
The membrane was immersed in DI water for 4 h and then fitted on the dead-end cell. The 
output tube of the dead-end cell was immersed in DI water so that the bubble point pressure 




                                                                                                                 (3-3) 
where  𝜎 is the surface tension of water (72.80 × 10-3 Nm-1); θ is the contact angle of water on 
the membrane and Pb is the minimum bubble point pressure. 
3.2.7 Membrane performance evaluation 
3.2.7.1  Hydraulic permeability measurement 
Pure water flux was measured using the aforementioned dead-end stirred cell filtration system. 
The membrane was pre-compacted at an applied pressure of 1.72 bar (25 psi) until a constant 
water flux was achieved. Water flux at a temperature of 25 °C was measured at the applied 
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pressures of  0.28, 0.55, 0.83, 1.1 and 1.38 bar. The equations (3-4) and (3-5) were used to 








                                                                                                                        (3-5) 
where J0, V, Am1, A1, Δt1 and ∆P1 are the pure water flux/permeate flux, permeated water 
volume, membrane effective area, water permeability, measurement time, and applied pressure 
across the membrane, respectively.  
3.2.7.2  Rejection test 
The rejection of the composite membrane was tested with synthetic O/W emulsions. The 
aforementioned dead-end stirred cell filtration system was used to investigate the rejection.  
The membrane was pre-compacted at an applied pressure of 1.72 bar (25 psi) using DI water 
until a constant water flux was achieved. Afterwards, the emulsion was allowed to permeate 
through the membrane at a stirring rate of 500 rpm and various applied pressures (0.28, 0.55, 





× 100                                                                                                   (3-6) 
where Ro is the oil rejection and Co.f and Co.p are the concentrations of oil in the feed and 
permeate solutions, respectively. This experiment was conducted at a temperature of 25 °C. 
The O/W emulsions (250 mg/L, 500 mg/L and 1000 mg/L) were made using a mixture of 
machine oil, surfactant (SDS) and DI water. The weight ratio of oil to surfactant was 4:1. In 
order to prepare a stable oil-in-water emulsion, the mixture of machine oil, SDS and DI water 
was subjected to ultrasonication for 5 min.  
3.2.7.3 Membrane antifouling test 
The dead-end stirred cell filtration system was used to evaluate the antifouling propensity of the 
membrane. In this experiment, the antifouling propensity was investigated by measuring the 
permeability as a function of time as well as the percentage of water flux recovery after fouling. 
Initially, the membrane was pre-compacted at an applied pressure of 0.55 bar (8 psi) under 
nitrogen gas using DI water until a constant water flux was achieved. A pure water flux was 
then measured at 0.28 bar  (4 psi) of applied pressure using equation (3-4). Afterwards, the 
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O/W emulsion (1000 mg/L) was used as a feed solution to obtain the permeability at a stirring 
rate of 500 rpm and a 0.28 bar pressure. Water permeability was calculated at various time 
intervals for 2 h using  equations (3-4) and (3-5) [95, 100]: 
After data calculation, the dt/dV versus V filtration curve was plotted and fitted with the linear 
regression method. The specific cake resistance (K) was determined from the following 









 V                                                                                                                  (3-7) 
where dV is the permeate volume in the time of dt and q is a constant.  
The membrane with a lower specific cake resistance shows a better antifouling performance 
during the filtration of wastewater.  
After filtering the feed solutions, the membranes were cleaned by rinsing with DI water for 30 
min, and the pure water flux was then measured again at the same pressure (0.28 bar). The 




× 100 (%)                                                                                                    (3-8) 
where Jy and Jx are the pure water flux of membrane before and after fouling, respectively. 
3.2.7.4 Testing the stability of the membrane 
DI water, a 0.0001M HCl solution (pH 4) and a 0.0001 M NaOH solution (pH 10) were used to 
evaluate the membrane stability. The membrane stability was investigated by measuring the 
permeability as a function of time in this experiment. In order to perform the experiment, pure 
water, acidic water (pH 4) and alkaline water (pH 10) were forced to pass through the 
membrane using the aforementioned dead-end stirred cell filtration system. Initially, the 
membrane was pre-compacted at an applied pressure of 0.55 bar (8 psi) under nitrogen gas 
using DI water until a constant water flux was achieved. The experiment was conducted for 3 h 
at the applied pressure and temperature of 0.28 bar (4 psi) and 25 °C, respectively. The 
permeate flux was measured in 10 min time intervals. Equation (3-4) was used to calculate 
permeate flux for the membrane. In addition, the water contact angles of the membrane after 




3.3 Results and discussion 
3.3.1  Membrane morphology 
The FE-SEM images of the pristine N6 and the N6/SiO2 composite electrospun nanofibers with 
different SiO2 contents (10, 20 and 30%) are exhibited in Figure 3-1. Figure 3-1 A shows the 
nanofibers of the pristine N6 which have a fiber diameter range of 80-160 nm. The relative 
humidity (RH) showed a significant effect on fiber morphology [104], which has been 
discussed in the appendix (Figure A-2, Appendix A). A RH of 40% was determined to be the 
optimum condition for the N6 solution to produce the best electrospun nanofibers (Figure 3-1 
A). The higher applied voltage (30 kV) during the electrospinning caused N6 to ionize in the 
acid solvent which resulted in the formation of spider-net like structure of nanofibers shown in 
Figure 3-1 A [82, 105]. The diameters of the fibers increased gradually with increasing content 
of SiO2 nanoparticles (Figure 3-1 B, Figure 3-1 C and Figure 3-1 D). The addition of highly 
surface-active SiO2 nanoparticles can increase both the viscosity and surface tension of 
electrospinning solutions, which contribute to increase the diameters of composite nanofibers 
[106]. Furthermore, the density of the spider-net like structure of nanofibers was decreased 
with the incorporation of SiO2 nanoparticles. The addition of SiO2 nanoparticles may decrease 
the conductivity of the ionic N6 solution which in turn decreases the ionization of the N6 
during the electrospinning process. Hence, the density of the spider-net like structure of 
nanofibers was decreased due to decrease in the conductivity of the ionic N6 [82]. Moreover, 
aggregated SiO2 nanoparticles were observed in the nanofibers of the 30 wt.% SiO2 content 
(Figure 3-1 D), however no aggregation is noted for lower SiO2 concentrations (Figure 3-1 B 






Figure 3-1. FE-SEM images of electrospun nanofibers of (A) pristine N6, and N6/SiO2 
composites with SiO2 contents of (B) 10, (C) 20 and (D) 30 wt.% . A mixture of 80% formic 
acid and 20% acetic acid by volume was used as solvent to prepare pristine N6 and N6/SiO2 
blended solutions for electrospinning.  The surface of the electrospun nanofiber mats was 
coated with Pt to capture these FE-SEM images. The SEM-EDX spectra of the nanofibers were 
taken from the red spotted regions. 
The SEM-EDX spectra of the nanofibers for the pristine N6 and N6/SiO2 composites are 
exhibited in Figure 3-2. The EDX analysis suggests the presence of C, N and O atoms of N6 
(Figure 3-2 A). Pt was also obtained in the EDX spectrum due to the Pt coating applied to 
conduct the SEM analysis for the nylon 6 nanofibers. The N6/SiO2 composite showed a new 
peak for Si and an O peak with a higher intensity than previously observed for N6 alone 
(Figure 3-2 B, Figure 3-2 C and Figure 3-2 D). In order to assure good dispersion of 
incorporated SiO2 nanoparticles in the N6 nanofiber, SEM-EDX spectra were taken from more 
than one point for the same SiO2 content.This result confirmed the successful incorporation of 
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Figure 3-2. SEM-EDX spectra of nanofibers of (A) pristine N6 and (B, C, D) N6/SiO2 
composite. 
Figure 3-3 exhibits the TEM images of the nanofibers of the pristine N6 and N6/SiO2 
composites as well as an FE-SEM image of the SiO2 nanoparticles. The SiO2 nanoparticles 
were incorporated and well-distributed in the N6 nanofibers for the samples containing 10 wt.% 
and 20 wt.% SiO2 content (Figure 3-3 B and Figure 3-3 C). However, the sample with 30 wt.% 
SiO2 content displayed the aggregation of the SiO2 nanoparticles in the nanofibers (Figure 3-3 
Spot 1 for Figure 3-1 C
Spot 2 for Figure 3-1 C
Spot 3 for Figure 3-1 C







D). Hence, the N6/SiO2 composite nanofibers were fabricated with 20 wt.% SiO2 content 
because it maximized SiO2 content without any noticed particle aggregation. The TEM images 
also show the size of the nanoparticles (about 30 nm), which is also exhibited by FE-SEM 
images (Figure 3-3 E). In the FE-SEM image (Figure 3-3 E), the nanoparticles were 
aggregated, however, the size of a single nanoparticle was clearly demonstrated in their 





Figure 3-3. TEM images of the nanofibers of (A) pristine N6; N6/SiO2 composites with SiO2 
contents of (B) 10, (C) 20 and (D) 30 wt.%; and (E) FE-SEM image of the SiO2 nanoparticles. 
The Cu grid and Si detector were used when capturing the TEM images of the electrospun 
nanofibers. The surface of the dispersed SiO2 nanoparticles was coated with Pt to capture the 














The surface morphology of the PVAc-coated electrospun N6 and N6/SiO2 composite 
membranes are displayed in Figure 3-4. The pore sizes of both membranes were about 100-300 
nm. However, the porosity of PVAc-coated electrospun N6/SiO2 composite membrane was 
higher (Figure 3-4 B) than the pristine N6 membrane (Figure 3-4 A). The PVAc coating was 
fabricated on the electrospun nanofiber mats through casting, then phase inversion. A highly 
volatile solvent (acetone) was used to prepare the PVAc casting solution. The membrane was 
dried for 4 h after casting the PVAc solution on the electrospun nanofiber mats. Membrane 
pores were created during the drying process, due to high volatility of the solvent; however, it 
was possible for much of the solvent to remain inside the coating. In order to remove any 
remaining solvent, the membranes were immersed in de-ionized water for 24 h and many of the 
membrane pores were created during this period [107]. In fact, the  N6/SiO2 nanofiber mat 
resulted in a PVAc-coated membrane with a higher porosity than that of the PVAc-coated N6 
membrane because the composite was highly hydrophilic and therefore strongly facilitated the 
diffusion of water from the coagulation bath to the membrane when the membrane was 
immersed in de-ionized water in order to remove the excess solvent from it. The cross-section 
of the fabricated PVAc-coated electrospun N6/SiO2 (20 wt.%) composite membrane is shown 
in Figure 3-4 C. The thicknesses of the fabricated membranes were ~ 155 µm including the 
coating layer which had a thickness of ~ 7 µm. The coating layer was strongly attached on the 
surface of electrospun nanofiber mat due to the interaction between the polar amide groups of 

















Figure 3-4. Surface FE-SEM images of the PVAc-coated electrospun membranes for (A) 
pristine N6 and (B) N6/SiO2 (20 wt.%) composite, and (C) Cross-sectional FE-SEM image of 
PVAc-coated electrospun N6/SiO2  (20 wt.%) composite membrane. The surface of the 
membranes was coated with Pt to capture these FE-SEM images. A 10 wt.% PVAc solution in 
acetone was used to fabricate the coating layer on the electrospun nanofiber mats through 


































Figure 3-5. (A) XRD and (B) FTIR data for the nanofibers of pristine N6 and N6 with various 
SiO2 contents (10, 20 and 30 wt.%). The X-ray source is copper and is equipped with a Vantec 
area detector. 
Figure 3-5 A shows the XRD data for the nanofibers of the pristine N6 and the N6/SiO2 
composites with various SiO2 contents. The XRD data of the pristine N6 shows a peak at 2θ = 
21.2° indicating the morphology of a semi-crystalline polymer containing crystals of γ-form, 
which is consistent with literature [108]. The incorporation of SiO2 into N6 caused a reduction 
in the peak intensity and smaller peaks appeared as a result of the crystal structure splitting 
from γ (2θ = 21.2°) into the α-form at 2θ = 23.5° [108]. As the SiO2 content increased, the 
intensity of the peak at 2θ = 21.2° decreased while the peak intensity at 2θ = 23.5° grew. This 
occurred due to the increased transformation of the crystal structure from γ-form to α-form with 
the addition of SiO2 nanoparticles. 
The FTIR spectra are exhibited in Figure 3-5 B. The FTIR spectrum of N6 nanofibers shows 
typical peaks at 1545 cm-1 (N-H deformation), 1637 cm-1 (C=O stretching) and 3294 cm-1 (N-H 
stretching) [106]. These peaks can also be seen in the spectra for the 10, 20 and 30 wt.% SiO2 
contents for the N6/SiO2 composite nanofibers. Two new peaks at 1100 cm
-1 and 800-700 cm-1 
were obtained due to incorporation of SiO2 nanoparticles into the N6 nanofibers. The peak at 
1100 cm-1 was the characteristic signal of a Si-O-Si bond in the N6/SiO2 composite [106]. The 
peak at 800-700 cm-1 was obtained because of v(Si-OH) in the N6/SiO2 composite [64]. In fact, 













































hydrogen bonds were formed between the O atom of the hydroxyl group of the SiO2 
nanoparticles and the H atom of the amide group of N6 (Figure 3-7 E). 
3.3.3 Wettability and surface roughness of the membrane 
The wettability of the various films, nanofiber mats and membranes is exhibited in Table 3-1. 
The water contact angle of the casted N6 film was 71°. However, the water contact angle 
(static) of the electrospun (E.Spun) N6 nanofiber mat was reduced to 39° when the 
electrospinning technique was used rather than casting. The dynamic water contact angles of 
the E.Spun N6 nanofiber mat were also investigated and the obtained advancing and receding 
water contact angles of the E. Spun N6 nanofiber mat were shown to be 50° and 12°, 
respectively (Figure A-3, Appendix A). The very low receding water contact angle (12°) 
demonstrated excellent adhesion between the water droplet and the E. Spun N6 nanofiber mat. 
This increase of hydrophilicity is due to the capillary effect of the highly porous nanofiber mats 
[83] . A significant decrease in the water contact angle (39° to 15°) was observed when 20 
wt.% SiO2 nanoparticles were incorporated into the electrospun N6 nanofibers. The water 
contact angle of N6 nanofiber was 39° while SiO2 nanoparticles were shown to be 
superhydrophilic. A water contact angle of 15° was obtained for the electrospun N6/SiO2 
composite due to the synergistic effect of N6 and SiO2 nanoparticles, even though the SiO2 
nanoparticles were wrapped in the interior of the electrospun nanofibers. PVAc was used as the 
coating material on the electrospun nanofiber mats which was determined to have a water 
contact angle of 49°, comparable with the value from other literature (45°) [109]. After coating 
the surface of the electrospun  nanofiber  mats, the water contact angles were increased from 39 
to 43° and from 15 to 21° for the electrospun N6 and N6/SiO2 composite, respectively. 
Nonetheless, the water contact angles of PVAc-coated N6 and N6/SiO2composite membranes 
were both lower than that of pristine PVAc film because of the hydrophilic effect of the E.Spun 
N6 and N6/SiO2 nanofiber mats. In addition, the water droplet was quickly absorbed through 
the PVAc-coated N6/SiO2 electrospun membrane after touching its surface during the contact 
angle measurement (Figure 3-6 A), indicating the highly hydrophilic property of the membrane 
[110].  It took 1 sec to completely immerse the water droplet through the membrane (Figure 3-6 
A). The water contact angles for the commercial (Comm.) PVDF and PSf membranes were 
123° and 45°, respectively, indicating the hydrophobic (PVDF) and hydrophilic (PSf) 
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properties. The water droplet was stable on the surface of the PVDF membrane, however, the 
water droplet was quickly absorbed through the PSf membrane after touching its surface and 
that was completely absorbed in 2.5 sec by the membrane (Figure 3-6 B). The surface 
roughness can increase the fouling propensity of membrane; therefore, the electrospun N6/SiO2 
composite membrane was coated by PVAc in order to decrease its surface roughness. The 
average surface roughness (Ra) of the electrospun N6 nanofiber mat was 193 nm (Figure 3-6 
C). However, the average surface roughness of the the electrospun N6 nanofiber mat increased 
to 285 nm due to the addition of surface-active SiO2 nanoparticles (Figure 3-6 D), which was 
reduced to 120 nm after coating with PVAc (Figure 3-6 E). Moreover, the coating was 
designed to reduce the pore size of the electrospun N6/SiO2 composite nanofiber mat. The 
average pore size of the composite nanofiber mat was 455 nm, however it was reduced to 170 
nm after being coated with PVAc  (Figure A-4, Appendix A).  
Table 3-1. Water contact angles of nanoparticle and the various films/nanofiber 
mats/membranes. 
Nanoparticle/Film/Nanofiber mat/Membrane Water contact angle (°) 
SiO2 nanoparticle 0 
N6 film 71 ± 2 
PVAc film 49 ± 2 
E.Spun N6 nanofiber mat 39 ± 1 
E.Spun N6/SiO2 (20 wt.%) nanofiber mat 15 ± 1 
PVAc-coated E.Spun N6 membrane 43 ± 1.5 
PVAc-coated E.Spun N6/SiO2 (20 wt.%) membrane 21 ± 1 
Commercial PSf membrane 45 ± 2 






















Figure 3-6. (A) The variation of water contact angle as a function of time for the PVAc-coated 
E.Spun N6/SiO2 (20 wt.%) composite membrane, (B) The variation of water contact angle as a 
function of time for the commercial PSf membrane,  AFM images of (C) E.Spun N6, (D) 
E.Spun N6/SiO2 (20 wt.%) composite and (E)  PVAc-coated E.Spun N6/SiO2 (20 wt.%) 
composite. 
3.3.4 Porosity, pore size, pore size distribution and tensile strength of the membranes 
The variations in the porosity of the different electrospun membranes are shown in Figure 3-7 
A. The electrospun N6 membrane with 21 wt% of N6 solution exhibited high porosity (81%) 
due to the high surface area to volume ratio of the nanofibers. The porosity of the N6 nanofiber 
mat was reduced by 18% after being coated with PVAc. However, the incorporation of SiO2 
nanoparticles (20 wt%) increased the porosity of the N6 nanofibers by 11% due to the porous 
structure of the SiO2 nanoparticles [84]. The porosity of the N6/SiO2 composite nanofiber mat 
was decreased from 92% to 78% with the pore sizes of 170 nm (average) and 295 nm 
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(maximum) after being coated with PVAc (Figure 3-7 A and Figure 3-7 B). The pore size 
distributions of the fabricated as well as the commercial membranes are exhibited in Figure 3-7 
C. The average pore sizes were 170, 200, and 220 nm for the fabricated, commercial PSf, and 
commercial PVDF membranes, respectively. However, the pore sizes ranged from 100 to 300 
nm, 115 to 309 nm, and 126 to 328 nm for the fabricated, commercial PSf, and commercial 
PVDF membranes, respectively. The PVAc-coated N6/SiO2 composite membrane had a 15% 
higher porosity than that of the PVAc-coated N6 membrane due to the higher hydrophilicity of 
the N6/SiO2 nanofiber mat. Compared to the pristine N6 nanofiber mat, the presence of 
superhydrophilic SiO2 nanoparticles in the N6/SiO2 composite nanofiber mats strongly 
facilitated the diffusion of water from the coagulation bath to the PVAc-coated electrospun 



































Figure 3-7. (A) Effect of SiO2 nanoparticles and PVAc coating on the porosity of the 
electrospun N6 membrane, (B) Pore size of the PVAc-coated electrospun N6/SiO2 composite 
membrane, (C) Pore size distribution of membranes, (D) Tensile strength of the fabricated and 
commercial PSf and PVDF membranes and (E) Schematic representation of the electrospun 
N6/SiO2 composite. The porosity, average pore size and maximum pore size of each membrane 
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The tensile strength of the fabricated membranes is exhibited in Figure 3-7 D. The E.Spun N6 
nanofiber mat showed a tensile strength of 19.84 MPa, which is much higher than that of 
commercial PSf (tensile strength 14.4 MPa) and PVDF (tensile strength of 6.5 MPa) 
membranes. The higher tensile strength of the E.Spun N6 was obtained due to the highly 
interconnected spider-net like structure in the N6 nanofiber mats. The ionic species of the N6 
solution can form stronger hydrogen bonds because of the extra available charge on them in the 
presence of high applied voltage during the electrospinning process. The protonated amide 
group of ionic N6 can effectively form hydrogen bonds with oxygen atoms of a N6 molecule in 
the main fiber and form another hydrogen bond between an oxygen atom in the ionic molecule 
and a hydrogen atom from the amide group of another main fiber to form the interconnected 
spider-net like nanofiber mats (Figure 3-7 E). The incorporation of  SiO2 nanoparticles 
enhanced the tensile strength of the electrospun N6 nanofiber mats (22.48 MPa), most likely 
due to the integrated network structure of SiO2 (Figure 3-7 E). The tensile strength of the 
N6/SiO2 composite nanofiber mat slightly increased (23.3 MPa) after being coated with PVAc. 
The PVAc created a compression effect on the membrane surface increasing the tensile 
strength of the PVAc-coated N6/SiO2 composite nanofiber mats. 
3.3.5 Permeation and rejection of the membrane 
The pure water permeability and oil rejection of the fabricated and commercial MF membranes 
are presented in Figure 3-8. In Figure 3-8 A, Figure 3-8 B and Figure 3-8 C, it was observed 
that the water flux increased linearly with an increase in applied pressure from 0.28 bar (4 
psi)to 1.38 bar (24 psi). This increase was gradually attained in 0.28 bar (4 psi) increments. It 
was also observed that the value of the water permeability at each applied pressure was 
constant for all the three types of membranes (4814, 2728 and 1015 LMH/bar for the 
fabricated, PSf and PVDF membranes, respectively) (Figure 3-8 A, Figure 3-8 B and Figure 3-
8 C), which indicates that no deformation of structural parameters of the membranes occurred 
when increasing the applied pressure. The water permeability of the PVAc-coated N6/SiO2 
composite membrane was much higher than that of the commercial PSf and PVDF membranes 















Figure 3-8. Effect of applied pressure on the pure water flux for (A) the fabricated PVAc-
coated electrospun N6/SiO2 composite membrane with a mean pore size of 170 nm, (B) the 
commercial PSf membrane with a mean pore size of 200 nm and (C) the commercial PVDF 
membrane with a mean pore size of 220 nm, and on the rejection of oil by (D) the fabricated 
PVAc-coated electrospun N6/SiO2 composite membrane, (E) the commercial PSf membrane 
and (F) the commercial PVDF membrane. A dead-end stirred cell filtration device connected to 
a nitrogen gas cylinder was usedto investigate the pure water permeability and oil rejection at a 
stirring rate of 500 rpm and applied pressure, in bar, of 0.28 (4 psi), 0.55 (8 psi), 0.83 (12 psi), 
1.1 (16 psi) and 1.38 (20 psi) at 25°C. 
The rejections of the membranes were conducted with O/W emulsions. The size distribution of 
oil droplets in the O/W emulsions with concentrations of 250 mg/L, 500 mg/L, and 1000 mg/L 
at the same homogenizing conditions are presented in the Figure 3-9 A. As can be seen from 
this figure, the size range of oil droplets varies between 0.31 µm – 0.73 µm with an average 
size of 0.435 µm, 0.71 µm – 1.22 µm with an average size of 0.85 µm, and 1.36 µm – 2.03 µm 
with an average size of 1.58 µm for oil concentrations of 250 mg/L, 500 mg/L, and 1000 mg/L, 
respectively. At the same homogenizing conditions, the size of the oil droplets increased with 















































































































































































increasing oil concentration, which is found to be a trend in literature as well [111]. In fact, the 
increase in oil content causes a higher interaction between the oil droplets and water through 
the surfactant which enhances the size of oil droplets. The stability of the oil droplets was 
investigated for the oil concentration of 250 mg/L right after the preparation of the sample and 
again after 24 h. The size distribution at both these times was similar demonstrating the good 










Figure 3-9. Size distributions (A) and Stability (B) of oil droplets. 
Figure 3-8 D represents the rejection of oil as a function of applied pressure for various oil 
concentrations (250 mg/L, 500 mg/L and 1000 mg/L) for the fabricated membrane and 98.80%, 
99%, and 99.20% oil rejections were obtained with these oil concentrations, respectively, at the 
applied pressure of 0.28 bar. It was also noted that the percentage of oil rejection decreased 
with an increase of applied pressure for lower oil concentration (250 mg/L). The reason behind 
this is that some smaller oil droplets at the 250 mg/L oil concentration level permeated through 
the membrane pores and reached the permeate side at higher applied pressures. However, the 
oil rejections were almost constant for higher oil concentrations (500 mg/L and 1000 mg/L) due 
to the relatively higher size of oil droplets (Figure 3-8 D). The almost identical trend of oil 
rejection was obtained for the commercial PSf membrane at high concentrations (500 mg/L and 
1000 mg/L) due to high oil droplet sizes at these two concentrations  (Figure 3-8 E). However, 
oil rejection was lower at an oil concentration of 250 mg/L at various applied pressures due to 
the lower hydrophilicity and the slightly higher pore size for the commercial PSf membrane as 
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compared to the fabricated membrane (Figure 3-8 E). The oil rejection trends of the 
commercial PVDF membrane were also identical to the fabricated and the commercial  PSf 
membranes for 500 and 1000 mg/L oil concentrations because of the higher oil droplet sizes in 
these two concentrations (Figure 3-8 D, Figure 3-8 E and Figure 3-8 F). However, the 
commercial PVDF membrane had lower oil rejections than the other two types of membranes 
for 250 mg/L oil concentration due to the combined effect of hydrophobicity and the slightly 
higher pore size of the membrane (Figure 3-8 F). A comparison list of performance of the 
fabricated PVAc-coated E.Spun N6/SiO2 (20 wt.%) composite membrane with other MF 
membranes is shown in Table 3-2. 
Table 3-2. List of fabricated (for oil-water separation) and commercial MF membranes to 
compare their performance. 
 
 










































































































Polypropylene Membrana GmbH, 
Germany 










300 537 - [114] 
Polyamide GE Whatman, UK 200 5017 - [115] 
 
3.3.6 Antifouling propensity and stability of the membrane 
Membrane fouling is an inevitable process during wastewater filtration. The fouling process 
can be segmented into three steps. First, the pore clogging period; second, the cake build-up 
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period on the membrane surface; and third, the cake filtration period according to the changes 
of the membrane flux [101,116]. Figure 3-10 A, Figure 3-10 B and Figure 3-10 C show the 
permeability as a function of time for the fabricated PVAc-coated E.Spun N6/SiO2 (20 wt.%), 
commercial PSf and commercial PVDF membranes, respectively, for filtration of O/W 
emulsion (1000 mg/L). As shown in Figure 3-10 A, Figure 3-10 B and Figure 3-10 C, 
membrane fluxes dropped dramatically during the first 7 min (pore clogging period), and then 
declined slowly (cake build-up period) and eventually the fluxes became steady  (cake filtration 
period) after 70 min for the fabricated membrane, 65 min for the commercial PSf membrane 
and 50 min for the commercial PVDF membrane. During the pore clogging stage (first stage), 
the fouling rate depends largely on the pore size and porosity of the membrane, which cannot 
fully reflect the antifouling properties of the membranes. Moreover, the fouling rate in the cake 
filtration stage (third stage) is closely related to the structure of the cake layer formed during oil 
droplet filtration. In the second stage, the formation rate of the cake layer on the membrane 
surface is closely interrelated with the fouling rate of the membrane. Thus, the slopes of the 
fitted linear curves of dt/dV versus V for all the three types of membranes in the second stage 
are considered as the fouling rate of the membrane (Figure A-5, Appendix A). The specific 
cake resistances (calculated from the fitted line curves) were 0.000088, 0.00018 and 0.07976 
for the fabricated, commercial PSf and commercial PVDF membranes, respectively. The 
antifouling properties in terms of water flux recovery of the fabricated membrane, and the 
commercial PSf and PVDF membranes using O/W emulsion is exhibited in Figure 3-10 D and 
in the supporting information (Table A-4, Appendix A). The increasing of water flux recovery 
means increasing of antifouling propensity of a membrane. The obtained water flux recovery of 
the fabricated, commercial PSf and commercial PVDF membranes were 85%, 74% and 23%, 
respectively.  The higher water flux recovery of the fabricated membrane was achieved due to 
its hydrophilic nature and very low value of specific cake resistance (0.000088). The high flux 
recovery of the fabricated membrane demonstrated the antifouling propensity of the membrane 
[99-101]. To understand the improved antifouling performance of the fabricated membrane, the 
oil contact angle under water was also investigated (Figure A-6, Appendix A).  In order to 
investigate oil contact angle under water, the membrane was first immersed into water, then the 
oil contact angle on the wetted-surface of the membrane was measured. The highly hydrophilic 
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surface (water contact angle of 21°) shifted to oleophobic after immersing the membrane into 
water. The oil contact angle on the oleophobic membrane surface was 116°, which indicated a 
repulsion between oil droplets and the wetted-membrane surface. 
In order to investigate structural stability, the permeability of the PVAc-coated E.Spun N6/SiO2 
(20 wt.%) membrane was measured as a function of time for a duration of 3 h using DI water, 
acidic water (pH 4) and alkaline water (pH 10) (Figure 3-10 E). The permeability of the 
membrane for all three types of liquids was the same (about 4828 LMH/bar) over the 3 h. The 
water contact angles of the membrane were also measured after the permeation of each liquid 
and were compared to that of the membrane before permeation. The water contact angles of the 
membrane before and after permeation were the same (21°) (Figure 3-10 F). This result 
indicated the stability of the membrane in which there was a strong interaction between the 
electrospun nanofiber mat and the PVAc coating through the interaction between the polar 
























Figure 3-10. Permeability as a function of time for the (A) fabricated, (B) commercial PSf and 
(C) commercial PVDF membranes for O/W emulsion, (D) the water flux recovery for the 
fabricated and commercial PSf and PVDF membranes, and (E) permeability as a function of 
time for DI, acidic and alkaline water and (F) the water contact angles of the PVAc-coated 
E.Spun N6/SiO2 (20%) membrane before and after the permeation of DI, acidic and alkaline 
water.  
3.4 Conclusions 
 A novel PVAc-coated electrospun N6/SiO2 composite microfiltration membrane was 
fabricated for the separation of oil from O/W emulsions. The successful fabrication of 
electrospun N6/SiO2 composite nanofibers was confirmed via FE-SEM, TEM, XRD and FTIR 
analyses. The FE-SEM was also used to investigate the morphology of the surface of the 
PVAc-coated N6/SiO2 composite membrane. The fabricated membrane was highly hydrophilic 
(water contact angle 21°) with both high porosity and mechanical strength. The fabricated 
membrane also showed a high water flux of 4814 LMH/bar and almost 99% oil rejection at oil 
concentrations of 250 mg/L, 500 mg/L and 1000 mg/L in the feed mixture. The water flux 
recovery of 85% for the fabricated membrane using O/W emulsion , indicated the antifouling 
properties of the  membrane. The membrane was also stable due to a beneficial interaction 
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between the electrospun nanofiber mat and the PVAc coating. Depending on the obtained 
performance of the membrane, it can be concluded that the novel fabricated microfiltration 
membrane has a huge potential for the separation of O/W emulsions. 
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Chapter 4: Forward Osmosis Treatment of Fracking Wastewaters: Evaluation of Suitable 
Organic Draw Solutions 
 
Abstract 
The selection of an appropriate draw solution is crucial to the successful implementation of 
desalination of highly saline fracking wastewaters via the FO process. In this report, four 
organic compounds, such as potassium acetate, potassium formate, sodium glycolate, and 
sodium propionate were identified as candidate draw solutes for desalination of fracking 
wastewater by FO process. In the FO treatment of synthetic fracking wastewater (15.68 MPa 
osmotic pressure) using the identified draw solutions at 18.48 MPa osmotic pressure, the 
observed average water fluxes (over 6 h) ranged between 10.50 and 13.26 LMH with high 
rejection of inorganic and organic contaminants. However, comparatively higher average water 
fluxes (19.05 to 24.05 LMH) were obtained for the real fracking wastewater (osmotic pressure 
12.83 MPa) with high rejection of inorganic and organic contaminants. Higher water flux was 
obtained due to a higher osmotic pressure difference between the draw and feed solutions for 
the real fracking wastewater as compared to that for synthetic fracking wastewater. For 
recycling these identified draw solutes, membrane distillation could be used as downstream 
separation techniques in the FO process. 









Shale gas is a major source of natural gas and a large amount is being produced across 
the United States (about 37 billion cubic feet/day) [4, 117-120]. Vast amounts of gas have been 
harvested from shale plays through the process of hydraulic fracturing (“fracking” for short) 
[121]. Fracking involves injecting fluid into the ground at high pressure in order to crack shale 
rocks, ultimately releasing the gas within. In this process, a hole is drilled to the shale layer, 
after which a sand/water/proppant (chemical) mixture is pumped to the shale layer at high 
pressure. Consequently, this induces fissures through the shale layer, and natural gas is released 
and flows back to the surface along with the drilling fluids. Managing these flowback fluids 
constitutes a major environmental challenge for fracking operations [17, 19-20]. The waters can 
vary in salinity, contain a variety of salts, and be laden with oils, sand and fracking chemicals 
[19, 21-24]. This mixture of contaminants makes treatment options challenging to implement. 
Technologies, such as mechanical vapor compression, reverse osmosis, membrane 
distillation, and forward osmosis have all been investigated to desalinate fracking wastewater 
[24]. Mechanical vapor compression and reverse osmosis are energy-intensive processes and 
the composition of fracking wastewater creates distinct challenges in the membrane distillation 
(most notably fouling and wetting) [24]. Forward osmosis has been proposed to treat fracking 
wastewater as well, possibly with economic advantages over these more conventional processes 
[24]. The primary concept underlying this process is the osmotic transport of water (water flux) 
through a semi-permeable membrane from a low salinity feed solution to a high salinity draw 
solution [122-128]. A downstream separator integrated for the recovery of draw solutions is 
important for successfully implementation of the FO process. The schematic representation for 
the FO process with the downstream separator is shown in supporting information (Figure B-1). 
In the FO process, the thermal distillation and membrane distillation processes can be used to 
recover thermolytic and distillable draw solutes, respectively, using industrial waste heat [129-
130].  
The efficacy of membrane based osmotic processes is highly dependent on the 
membrane and the draw solute used. A significant amount of research has been conducted into 
improving membrane performance, but there is still opportunity for more research into draw 
solutes. The selection of a suitable draw solute is dependent upon a number of criteria, such as 
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high diffusivity, low viscosity, high osmotic pressure, low reverse salt flux, and an effective 
regeneration method [125]. Those compounds with high water solubility and a high degree of 
dissociation are potential candidates for draw solutes [131]. In recent years, inorganic salts 
[132] and various synthetic organic compounds [133-134] have been tested as draw solutes to 
generate osmotic pressure. These studies have shown that draw solutions with higher water flux 
to reverse salt flux ratios are the most effective for osmotic processes. 
Currently, there is a gap in the literature identifying those effective draw solutions that 
can make the FO process commercially viable. Previously, Hickenbottom et al. and Bowden et 
al., and Corzo et al.  studied organic draw solutions for application in osmotic heat engines, in 
osmotic membrane bioreactors, and for reclamation of effluents released from  wastewater 
treatment plant, respectively [130,135-136]. In this paper—for the first time—we report on four 
organic draw solutes (potassium acetate,  potassium formate, sodium glycolate and sodium 
propionate) effective for desalination of highly saline fracking wastewaters (synthetic and real) 
via the FO process. These draw solutes were chosen because of their high osmotic pressure 
with very low specific reverse salt flux in FO process. 
4.2 Selection of organic draw solutions 
Figure 4-1 represents the method used to select organic draw solutes. Initially, 550 
organic compounds were screened to obtain the desired draw solutions. Those compounds that 
were not solid at room temperature and standard atmospheric pressure, and that were not 
soluble in water were eliminated by a desktop screening method, creating a shortlist of the 
remaining chemicals. The osmotic pressures of the draw solutions, as a function of 
concentration, were then determined using the OLI Stream Analyzer™ (OLI Systems, Inc.). 
Those draw solutions that had an osmotic pressure lower than 15.68 MPa (the osmotic pressure 
of fracking wastewater determined in our laboratory) at saturation concentration were excluded 
to obtain the desired draw solutes. At the end of the selection process, seven organic 
compounds were obtained as desired organic draw solutes. The obtained organic draw solutes 
were potassium acetate, ammonium acetate, ammonium carbamate, ammonium formate, 








Figure 4-1. Flow chart for the selection of the organic draw solutes. 
4.3 Experimental 
4.3.1 Solution of the draw solutes 
 Certified ACS-grade organic compounds from Sigma-Aldrich, USA were used to make 
all draw solutions. These included potassium acetate (KAc), ammonium acetate (NH4Ac), 
ammonium carbamate (NH4C), ammonium formate (NH4F), potassium formate (KF), sodium 
glycolate (NaGly), sodium propionate (NaP), and sodium chloride (NaCl). DI water (Millipore, 
Billerica, MA) was used as the feed stream in all experiments. The concentration of each draw 
solution at 2.8 MPa osmotic pressure (the literature established osmotic pressure at which draw 
solutions were investigated against DI water as feed solution in FO process [132,135]) was 
determined using the OLI Stream Analyzer™ (OLI Systems, Inc.) (Table 4-1). The OLI Stream 
Analyzer™ was also used to find the mutual diffusivity (D), viscosity, solubility, and osmotic 




Osmotic pressure ≥ 15.68 MPa
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Conc. (M) Viscosity 
(cP) 
KF 1.3477 0.68 1.00 2713.60 32.26 130 
KAc 0.9873 0.66 1.02 2570 26.19 108 
NH4F 1.322 0.62 1.03 1427 22.63 101 
NH4C 1.250 0.38 0.98 580 6.60 45.20 
NaP 1.643 0.69 0.98 1000 10.41 41.80 
NH4Ac 1.155 0.91 1.00 1430 18.55 33.10 
NaGly 1.547 0.73 1.04 650 6.56 24.60 
NaCl 1.38 0.61 0.99 359 6.14 27.40 
 
4.3.2 Membrane performance evaluation 
 A flat sheet TFC forward osmosis membrane (Hydration Technology Innovations, HTI, 
Albany, OR) was used to conduct all FO experiments. The water permeability coefficient (A) 
and salt permeability coefficient (B) for the TFC membrane were investigated using a flat-sheet 
bench-scale cross-flow RO test system. A piece of the membrane, with an effective surface area 
of 19.94 cm2, was placed in a stainless steel test cell with the active surface of the membrane 
facing the feed stream. Using a high-pressure positive displacement pump (Hydra-cell pump), 
the feed solution was re-circulated at the flow rate of 1.0 L/min. DI water was used as the feed 
stream to investigate A, and a 20 mM solution of each draw solute was used as the feed stream 
to investigate R (rejection) and B for the TFC membrane. A, R, and B for the membrane were 












× 100                                                                                                    (4-3) 
B =  
A(1−R)(∆P −∆π)
R
                                                                                                        (4-4) 
where J is the pure water flux, Am is the effective membrane area, ∆V is the permeate volume, 
∆t is time, ∆P is the hydraulic pressure difference across the membrane, Cf is the salt 
concentration of the feed solution, Cp is the salt concentration of the permeate solution, and ∆π 
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is the osmotic pressure of the feed solution. Conductivity of the feed and permeate solutions 
was investigated using a calibrated conductivity meter (Oakton, Eutech Instruments) to 
calculate solute rejection. 
 The pressure was increased in 0.345 MPa increments from 0.345 to 1.034 MPa to 
investigate A of the TFC membrane. Constant pressure was applied at each increment for 8 h. 
Water flux through the membrane was obtained from a liquid flow sensor (Sensirion, The 
Sensor Company) that was directly connected to a computer. To investigate R and B, 1.896 
MPa pressure was applied to the RO cell. The salt concentration of the permeate solution was 
investigated using a calibrated conductivity meter (Oakton, Eutech Instruments). This 
experiment was conducted at a constant temperature of 24°C using a chiller (Polystat, Cole-
Parmer). 
 A flat-sheet bench-scale FO test system was used to determine the structural parameter 
(S) of the TFC membrane by applying the following equation [138-139,141-142]. In this 
approach, de-ionized water was used as the feed solution, while the draw solutes were held at a 







]                                                                                               (4-5)  
where Jw is the FO water flux for the draw solutions.  
4.3.3 FO experiment for the draw solutions 
 A bench-scale experimental setup (Figure 2-6) was used to evaluate the FO 
performance of the draw solutions with commercially available TFC membranes. A piece of 
the membrane with an effective surface area of 19.94 cm2 was placed in an acrylic cross-flow 
cell with the active layer of the membrane facing the feed stream. On both sides of the 
membrane, the cross-flow cell had symmetric channels, which allowed for both the feed 
solution and the draw solution to flow tangentially to the membrane. Recirculation of the feed 
and draw solutions on opposite sides of the membrane was executed by two variable-speed gear 
pumps (Gear Pump Drive, Cole-Parmer Instrument Company). The flow rate of each solution 
was maintained at 0.5 L/min. The feed solution temperature and draw solution temperature 
were held constant at 24 °C and monitored with a thermometer. The feed solution and the draw 
solution were placed in two separate 4.0 L reservoirs to conduct the experiment. The feed 
solution container was placed on a digital analytical balance. The water flux and the reverse salt 
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flux were determined to evaluate the FO performance of the draw solutions. Each experiment 
was conducted for one hour and the concentration of the draw solution was adjusted by adding 
concentrated draw solution in every 15 min. The water flux of the draw solution was obtained 
from the digital analytical balance using the equation (4-1). A sample of the feed solution was 
collected before and after the experiment to determine the salt concentration using a calibrated 
conductivity meter (Oakton, Eutech Instruments) to investigate the reverse salt flux. A digital 
analytical balance was used to determine initial and final volume of the feed solution. Reverse 




                                                                                                            (4-6) 
where Cf.e and Vf.e are the salt concentration and total volume of the feed at the end of the tests, 
respectively, and Cf.i and Vf.i are the initial salt concentration and total volume of the feed, 
respectively. Am and ∆t are the effective membrane area and FO experiment conducting time, 
respectively.  
4.3.4 Investigation of thermolytic and thermally distillable properties of the draw solutes 
 The thermolytic and thermally distillable properties of the draw solutes were 
investigated using the gravimetric method. In this method, a fixed weight (W1 g) of a draw 
solute was taken and then a solution of the draw solute was prepared in DI water. Afterwards, 
the draw solution was heated in a beaker (liquid surface area 18.09 cm2) at 50 °C to evaporate 
all the water and then the residue was weighed (W2 g).   
If W1 = W2, the draw solute is distillable. 
If W1> W2, the draw solute is thermolytic.  
Afterwards, the osmotic pressures of the residue from the distillable draw solutes were 
investigated using a Micro-Osmometer (Precision Systems) at 24°C. The Micro-Osmometer 
can determine osmolality (Osmol/kg) of each draw solution. Then osmolality was converted to 
molality (mol/kg) for each draw solution. Finally, the following equation (4-7) was used to 
calculate osmotic pressure [123]:   
πo.p  =  ρwRiTm                                                                                                               (4-7) 
where 𝜋𝑜.𝑝 is the osmotic pressure, ρw is the density of the solvent (water), Ri is the molar gas 
constant, T is absolute temperature, and m is the molality.  
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4.3.5 Fracking wastewaters 
Synthetic fracking wastewater was prepared in our laboratory according to the composition 
demonstrated by literatures (Table 2-1) [19, 21-24]. Sodium carbonate, sodium sulfate, sodium 
chloride, ferric chloride, barium chloride, magnesium chloride, manganese chloride, strontium 
chloride, calcium bromide, calcium chloride, potassium chloride, isopropanol (C3H8O), 
ethylene glycol (C2H6O2), N,N-dimethyl formamide (DMF), and glutaraldehyde (C5H8O2)—all 
obtained from Sigma Aldrich, USA—machine oil (Canadian Tire, Canada), sand (size less than 
38 µm, Quikrete, USA), and DI water (Millipore, Billerica, MA) were used to prepare the 
synthetic fracking wastewater. First, oil was added into DI water and then ultrasonicated for 30 
min to prepare oil-in-water emulsion with an oil content of 0.7 g/L. Afterwards, sodium 
carbonate, sodium sulfate, sodium chloride, ferric chloride, barium chloride, magnesium 
chloride, manganese chloride, strontium chloride, calcium bromide, calcium chloride, 
potassium chloride, isopropanol, ethylene glycol, N,N-dimethyl formamide, glutaraldehyde, 
and sand with concentrations of 1.166, 0.741, 110.016, 0.16, 7.136, 7.917, 0.016, 12.286, 2, 
84.915, 1.182, 0.668, 0.473, 0.019, 0.011, and 2.5 g/L, respectively, were added to the 
emulsion under magnetic stirring (350 rpm) to prepare the synthetic fracking wastewater.   
 The true fracking wastewater sample was obtained from Canbriam Energy Inc., 
Calgary, Alberta, Canada. The composition of inorganic dissolved solids of this wastewater is 
provided in Table 4-2. 
Table 4-2. Composition of inorganic dissolved solids of the real fracking wastewater. 
Component Conc. (mg/L) 
Sodium (Na+) 54400 
Potassium (K+) 1950 
Calcium (Ca2+) 8010 
Magnesium (Mg2+) 909 
Barium (Ba2+) 501 
Strontium (Sr2+) 1490 
Iron (Fe2+) 29.5 
Chloride (Cl-) 109186 
Bromide (Br-) 1850 





*Data obtained from Canbriam Energy Inc., Calgary, Alberta, Canada 
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4.3.6 Pre-treatment of the fracking wastewater 
 The synthetic fracking wastewater was retained for 2 h to sediment the suspended solids 
to the bottom of the container. Afterward, the water was decanted to another container and this 
water was then microfiltered through a commercial microfiltration membrane (Mean pore size 
0.2 µm, HT-200, Pall Corporation, USA) in a dead-end stirred cell filtration device (Millipore 
stirred ultra-filtration cells, 8010, USA, effective area of 0.0003 m2) connected to a nitrogen 
gas cylinder. The membrane was pre-compacted at an applied pressure of 4 psi using DI water 
until a constant water flux was achieved and then the microfiltration process for the fracking 
wastewater as a feed was conducted for 12 h at a stirring rate and applied pressure of 500 rpm 
and 4 psi, respectively. Turbidity, conductivity, and pH of the fracking wastewater immediately 
after preparation, after sedimentation, and after microfiltration were investigated using a 
MicroTPW Turbidimeter (HF, Scientific, Inc., USA), a calibrated conductivity meter (Oakton, 
Eutech Instruments), and a calibrated pH meter (Oakton, Eutech Instruments), respectively. 
Total organic carbon of the fracking wastewater after sedimentation and after microfiltration 
were determined using a TOC analyzer (TOC VCPH/CPN, Shimadzu Corp., Japan). The true 
fracking wastewater was more clear than the synthetic fracking fracking wastewater and, 
therefore, the sedimentation step was skipped for the true fracking wastewater. However, 
microfiltration was conducted for this wastewater using the same experimental condition as for 
synthetic fracking wastewater. Turbidity, TOC, conductivity, and pH were measured after 
sample collection and after microfiltration of the truefracking wastewater. The osmotic pressure 
of the fracking wastewaters after microfiltration was also investigated as the following way.  
The van Laar equation (4-8) was used to calculate the osmotic pressure of the fracking 
wastewater [144-145]: 
πo.p.f = − (
RiT
V0
) ln a1                                                                                                   (4-8)   
where πo.p.f is the osmotic pressure, Ri is the ideal gas constant, T is the absolute 
temperature,V0 is the molar volume of solvent and a1is the water activity.   




                                                                                                                         (4-9)     
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where P and P0  are the vapor pressures of the fracking wastewater and DI water, respectively, 
at 24 °C. The vapor pressures of the fracking wastewater and DI water were investigated using 
a U-Tube Manometer (Tenaquip, Canada).    
4.3.7 Desalination of fracking wastewater 
A bench-scale experimental FO setup (Figure 2-6) was used to desalinate fracking 
wastewater using a commercial TFC membrane (Hydration Technology Innovations, HTI, 
Albany, OR). A piece of the membrane with an effective surface area of 19.94 cm2 was placed 
in an acrylic cross-flow cell with the active layer of the membrane facing the feed solution. The 
fracking wastewaters (synthetic and true) and the identified organic compounds were used as 
the feed and draw solutions (KAc 4.47 M,KF 4.57 M, NaGly 4.93 M, NaP 4.60 M), 
respectively, in the FO experiment. NaCl (4.03 M) was also used as a draw solution for 
desalination of fracking wastewater in the FO experiment. On both sides of the membrane, the 
cross-flow cell had symmetric channels, which allowed for both the feed solution and the draw 
solution to flow tangentially to the membrane. Re-circulation of the feed solution and the draw 
solution on opposite sides of the membrane was executed using two variable-speed gear pumps 
(Gear Pump Drive, Cole-Parmer Instrument Company). The flow rate of each solution was 
maintained at 0.5 L/min. The feed solution temperature and the draw solution temperature were 
held constant at 24°C and monitored with a thermometer. The feed solution and the draw 
solution were placed in two separate 4.0 L reservoirs to conduct the experiment. The feed 
solution container was placed on a digital analytical balance. Each experiment was conducted 
for six hours and the concentration of the draw solution was adjusted by adding concentrated 
draw solution in every 15 min. The water flux of the draw solution was obtained from the 
digital analytical balance by using equation (4-1). Samples of the feed and draw solutions at the 
beginning and after the FO experiment were collected in order to investigate total dissolved 
solids (TDS) and TOC. Gravimetric method was used to determine TDS while a TOC analyzer 




4.4 Results and discussion 
4.4.1 FO water flux and structural parameter of the membrane 
A cross-flow RO cell was used to investigate pure water permeability of the commercial 
TFC membrane (pure water permeability 32.5 LMH/MPa). This obtained water permeability 
value was very close to the value in the literature (31.6 LMH/MPa) for the same type of 
membrane [150]. The structural parameters of the membrane for all draw solutions were 
determined through the investigation of salt rejection and salt permeability coefficient in a 
cross-flow RO cell (Table 4-3). The salt rejection for the organic draw solutions was 99.43 – 
99.58%, whereas it was 97.27% for NaCl. The salt permeability coefficient of the organic draw 
solutions was 0.249 – 0.340 LMH, which was much lower than that of the NaCl draw solution 
(1.65 LMH). Higher salt rejection and lower salt permeability coefficients were obtained for 
the organic draw solutions due to the larger sizes of their hydrated ions as compared to that of 
the NaCl draw solution. FO water fluxes for the draw solutions at 2.8 MPa osmotic pressure 
against DI water are presented in Table 4-3. The obtained FO water fluxes for the organic draw 
solutions were higher (15.48 to 19.71 LMH) than that of the NaCl draw solution (12.70 LMH) 
under the same experimental conditions. Higher FO water fluxes were obtained for the organic 
draw solutions due to the much lower salt permeability that caused lower concentration 
polarization and the much lower membrane structural parameter as compared to those of NaCl 
(Table 4-3). The FO water flux for the NaCl draw solution using the same type of membrane is 
comparable with the value from the literature (~ 18 LMH at 1M NaCl) [150]. In the 
experiment, the concentration of the NaCl draw solution was less (0.61 M NaCl solution) than 
that used in the literature [150]. Hence, the water flux obtained in our experiment for the NaCl 
draw solution was lower as compared to the value from the literature [150]. The structural 
parameters of the membrane for the organic draw solutions ranged from 404 to 468 µm, much 
lower than the value for the NaCl draw solution (729 µm). The performances of the identified 
organic draw solutions were not compared to another commonly used draw solution NH4HCO3 
due to its lower osmotic pressure than that of the fracking wastewater (Table B-1, Appendix B 




Table 4-3. FO water flux (at 2.8 MPa osmotic pressure of the draw solutions against DI water 
















0.08 99.58 0.249 15.48 404 
NH4Ac 0.04 99.56 0.266 15.86 454 
NH4C 0.15 99.55 0.257 16.56 460 
NH4F 0.09 99.45 0.324 16.92 468 
KF 0.08 99.43 0.340 17.15 468 
NaGly 0.08 99.52 0.285 18.47 450 
NaP 0.08 99.51 0.291 19.71 456 
NaCl 0.09 97.27 1.65 12.70 729 
* Applied pressure for rejection test and pure water permeability in RO experiments were 1.896 
MPa, 32.5 LMH/MPa, respectively.  
4.4.2 Reverse salt flux and specific reverse salt flux of the draw solutions 
 The reverse salt fluxes and specific reverse salt fluxes of the draw solutions at 2.8 MPa 
osmotic pressure in the FO process are shown in Figure 4-2. The reverse salt fluxes of the 
organic draw solutions ranged from 0.021 to 0.04 mol m-2 h-1 (Figure 4-2 A). In membrane-
based osmotic processes, reverse salt flux is substantially influenced by the diffusivity of the 
draw solutions, in which a higher reverse salt flux is obtained for draw solutions with higher 
diffusivity values [151]. For our selected organic draw solutions, a higher reverse salt flux was 
obtained for draw solutions with higher mutual diffusivity (Table 4-1 and Figure 4-2 A) 
without considering the draw solutions NH4F and KF. Both the mutual diffusivity and hydrated 
anion sizes could affect the reverse salt flux for these two draw solutions. Actually, the draw 
solutions with higher diffusivity values demonstrated a higher driving force that facilitated the 
draw solute passing through the membrane. Compared to the commonly used inorganic draw 
solution (NaCl), the reverse salt fluxes of the selected organic draw solutions were much lower 
under the same experimental conditions (Figure 4-2 A). The reverse salt flux of the NaCl draw 
solution was 0.15 mol m-2 h-1. The reverse salt flux for the NaCl draw solution is comparable 
with the literature values (0.17 mol m-2 h-1 at 1 M NaCl draw solution against DI water used as 
feed) when using the same type of membrane [150]. The reverse salt flux for this draw solution 
was lower as compared to the value in the literature because of the lower concentration of NaCl 
solution (0.61 M) used in this experiment. In fact, the draw solutions containing larger-sized 
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hydrated anions showed lower reverse salt flux [132]. All of the anions of the organic draw 
solutes contain a C-O double bond, which can be polarized (especially π-bond of the double 
bond) in their aqueous solutions (Figure 4-2 B). This polarizing nature promoted hydration of 
the organic draw solutes with a larger number of water molecules as compared to the chloride 
ion. Therefore, the sizes of the hydrated anions of organic draw solutes were larger than that of 
Cl- ions. Moreover, the much higher salt permeability of the NaCl draw solution in the RO test 
(Table 4-3) supports its higher reverse salt flux as compared to the selected organic draw 
solutions in the FO test. 
 The lowest specific reverse salt flux value (reverse salt flux/water flux) indicates the 
best draw solution performance in the FO process [132]. The low specific reverse salt flux 
value is obtained due to a low reverse salt flux with a high water flux for a draw solution. The 
obtained specific reverse salt flux for the identified organic draw solutions were 1.36 × 10-3 to 
2.33 × 10-3 mol L-1, which were much lower than that of  NaCl (12 × 10-3 mol L-1) at the same 
experimental conditions (Figure 4-2 C). The much lower specific reverse salt flux values were 
obtained due to much lower reverse salt fluxes with high water fluxes for the organic draw 
solutions compared to NaCl. The highest values of specific reverse salt fluxes were obtained 
for NH4F (2.25 × 10
-3 mol L-1) and KF (2.33 × 10-3 mol L-1) draw solutions due to their having 






















Figure 4-2. (A) Reverse salt flux, (B) Structural formula of anion and (C) Specific reverse salt 
flux of the draw solutions. 
4.4.3 Compatibility of the organic draw solutions with the commercial TFC membrane 
Compatibility of the draw solution with the membrane is an important issue in the 
selection of a draw solution for an osmotic process. If a draw solution reacts with the 
membrane, the performance of the membrane can decline. For this reason, the compatibility of 
the selected organic draw solutions with the commercial TFC membrane was tested through the 
investigation of pure water permeability and salt permeability of the membrane. In a cross-flow 
RO cell, the pure water permeability and salt permeability of the TFC membrane was 
investigated before and after conducting FO experiments using the individual organic draw 
solutions. The water permeability of the TFC membrane before conducting FO experiments 
was 32.5 LMH/MPa. The water permeability of the TFC membrane after conducting FO 
experiments with each organic draw solution was consistent at a value of 32.5 LMH/MPa 
(Figure 4-3 A). The salt permeability of the TFC membrane before and after conducting the FO 
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4-3 B. These results demonstrated that the commercial TFC membrane was compatible with the 







Figure 4-3. (A) Pure water permeability and (B) salt permeability of the membrane before and 
after FO experiment with each organic draw solution. 
4.4.4 Studies into the recovery of the organic draw solutes downstream in the FO process 
A laboratory investigation was conducted to distinguish the organic draw solutes as 
distillable or thermolytic through the gravimetric method. In this method, W1 g of a draw solute 
was dissolved in DI water. The solution was then heated to 50°C to evaporate all water and the 
residue was weighed again (W2 g). Finally; the osmotic pressure of the residue (when W1 = 
W2) at the same concentration of the draw solute was investigated. The values of W1 and W2 
were consistent for the draw solutes of KAc, KF, NaGly, and NaP (Table 4-4). Moreover, the 
osmotic pressures of the draw solute and the corresponding residue at the same concentration 
were similar for these draw solutes (Table 4-4) (Conversions of osmolality to osmotic pressure 
for the distillable organic draw solutes are provided in Table B-2, Appendix B). These results 
revealed distillable properties of these draw solutes. However, W1 values were higher than that 
of W2 for the draw solutes of NH4Ac, NH4C, and NH4F, which demonstrated thermolytic 
properties of these three draw solutes (Table 4-4). Ammonium acetate decomposed into 
acetamide (solid) and water under applied heat [152].  Presumably, ammonium carbamate 
decomposed into ammonia and carbon dioxide gases at 50°C. Formamide (liquid) and water 
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W1 and W2 
Osmotic pressure (MPa) Type 
Pristine Residue 
KAc 0.66 W1 = W2 2.80 2.80 Distillable 
NH4Ac 0.91 W1> W2 2.80 Residue obtained Thermolytic 
NH4C 0.38 W1> W2 2.80 No residue Thermolytic 
NH4F 0.62 W1> W2 2.80 No residue Thermolytic 
KF 0.68 W1 = W2 2.80 2.79 Distillable 
NaGly 0.73 W1 = W2 2.80 2.80 Distillable 
NaP 0.69 W1 = W2 2.80 2.79 Distillable 
 
 As it is demonstrated in literatures that membrane distillation and thermal distillation 
processes can be applied to recover distillable and thermolytic draw solutes, respectively, used 
in FO process [129-130]. Therefore, it can be said that the identified distillable draw solutes 
(KAc, KF, NaGly, and NaP) could be recovered from the solution by using the membrane 
distillation technique downstream of the FO process. The thermolytic draw solutes (ammonium 
acetate, ammonium carbamate and ammonium formate) can decompose under applied heat, 
however, these draw solutes cannot be  regenerated from their decomposition products. 
Therefore, considering recyclability, the potential organic draw solutions for treatment of 
fracking wastewater in FO process are KF, KAc, NaGly, and NaP.  
4.4.5 Characteristics of the fracking wastewater before and after pre-treatment 
 The turbidity, conductivity, and pH of the synthetic fracking wastewater were >1100 
NTU, ~98 mS, and ~4.2, respectively, immediately after preparation of the wastewater (Table 
4-5). The turbidity reduced to 148 NTU after sedimentation for 2 h with almost identical 
conductivity and pH values as the values right after preparation. Mostly, the sand particles were 
suspended at the bottom of the container during the sedimentation period. The turbidity value 
of 148 NTU was obtained due to the presence of colloidal oil in the wastewater. At this stage, 
TOC of the synthetic fracking wastewater was 1194 ppm. Afterward, microfiltration (MF) 
through the commercial microfiltration membrane was conducted for this wastewater. The 
turbidity and TOC decreased significantly after conducting MF of the wastewater. The obtained 
turbidity and TOC after MF were 4 NTU and 599 ppm, respectively, but conductivity and pH 
values were the same as the values after sedimentation. The osmotic pressure of the synthetic 
fracking wastewater after microfiltration was 15.68 MPa (Table 4-5). The real fracking 
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wastewater was sand particles free because the water sample was collected from the top of the 
sample collection point in which the sand particles were suspended. The turbidity, TOC, 
conductivity, and pH of the real fracking wastewater were 106  NTU, 853 ppm, ~ 67 mS, and ~ 
4.9, respectively, after collection of this water sample (Table 4-5). The turbidity and TOC 
reduced to 2 NTU and 413 ppm, respectively, after conducting MF for this wastewater. The 
osmotic pressure obtained for the real fracking wastewater after MF was 12.83 MPa. Compared 
to the synthetic fracking wastewater, the conductivity and osmotic pressure of the real fracking 
wastewater were relatively lower due to its lower concentration of TDS (Table 4-6).  
Table 4-5. Characteristics of fracking wastewaters. 
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4.4.6 FO performance in desalination of fracking wastewaters 
4.4.6.1 Water flux 
 The final four organic draw solutions (KAc,KF, NaGly, and NaP) at 18.48 MPa osmotic 
pressure were used for desalination of the fracking wastewaters. The osmotic pressures of the 
fracking wastewaters (feed solutions) ready for the FO process were 15.68 MPa for the 
synthetic solution and 12.83 MPa for the true solution. The initial water fluxes (in 2 min) for 
synthetic fracking wastewater ranged from 11.15 to 14.19 LMH (Figure 4-4 A), while those 
values were from 19.51 to 24.83 LMH for the real fracking wastewater (Figure 4-4 B). NaCl is 
a commonly used draw solution for desalination of fracking wastewater by FO process [154-
155]. The initial water fluxes were lower (9.14 LMH for synthetic fracking wastewater and 
16.0 LMH for real fracking wastewater) for the commonly used draw solution (NaCl) as 
compared to the identified organic draw solutions at the same osmotic pressure (Figure 4-4 A 
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and Figure 4-4 B). The reverse salt fluxes and membrane structural parameters for the organic 
draw solutions were much lower as compared to NaCl (Table 4-3 and Figure 4-2 A), 
demonstrating the higher initial water fluxes for the organic draw solutions. The higher water 
fluxes in the desalination of true fracking wastewater were obtained due to higher osmotic 
pressure differences between the draw and feed solutions (5.65 MPa) as compared to that of 
synthetic fracking wastewater (2.8 MPa) (Figure 4-4 A and Figure 4-4 B). Due to membrane 
fouling, water fluxes decreased by 17% and 9% over 6 h for synthetic and real fracking 
wastewaters, respectively, in case of the organic draw solutions. The higher decline in water 
flux was obtained due to higher membrane fouling caused by higher dissolved organic 
compounds in the synthetic wastewater as compared to the true wastewater. In addition, the 
synthetic wastewater contains higher concentration of Ca2+, SO4
2- and CO3
2- ions which caused 
higher membrane fouling as compared to the true fracking wastewater. Generally, Mg2+ and 
Ca2+ ions in water can cause membrane fouling by scale formation of MgCO3, MgSO4,CaCO3 
and CaSO4 [156-157]. Figure 4-4 also demonstrated that water flux declined by 27% for 
synthetic wastewater and by 24% for true wastewater with the NaCl draw solution. Normalized 
water flux decline in FO desalination of fracking wastewaters for all these draw solutions are 
exhibited in Figure 4-4 C and Figure 4-4 D. Compared to the organic draw solutions, the higher 
decline of water flux for NaCl draw solution was obtained due to the combined effect of 
membrane fouling and higher concentration polarization because of higher reverse salt flux for 
this draw solution. The average water fluxes achieved over 6 h were 10.50 to 13.26 LMH for 
the synthetic wastewater (Figure 4-4 E), whereas those values were 19.05 to 24.05 LMH for the 
real wastewater (Figure 4-4 F). The average water fluxes obtained for NaCl draw solution were 
8.25 LMH for synthetic wastewater and 14.44 LMH for real wastewater (Figure 4-4 E and 
























Figure 4-4. Water flux as a function of time for (A) synthetic and (B) real fracking wastewaters, 
normalized water flux as a function of time  for (C) synthetic and (D) real fracking 
wastewaters, and average water fluxes over 6 h for (E) synthetic and (F) real fracking 
wastewaters. [Fracking wastewaters as feed, and KAc,KF, NaGly, NaP and NaCl as draw 
solutions at an osmotic pressure of 18.48 MPa in FO process; Each set of experiments was 
conducted thrice and then the average values of obtained data from these three sets of 
experiments  are presented in Figure 4-4]. 




































































































































































































































































4.4.6.2 Compositions of feed and draw solutions  
The compositions in terms of TDS and TOC of fracking wastewaters as well as draw solutions 
were investigated before and after desalination (Table 4-6).  The TDS values of feed solutions 
were little bit higher before desalination compared to those values of after desalination when 
the organic compounds were used as draw solutions. The TDS values of the organic draw 
solutions were little bit higher after desalination compared to those values of before 
desalination. These observations indicated that a very small quantity of solutes might pass 
through the membrane from feed to draw side during desalination. On the other hand, TDS 
values of feed solutions were little bit lower before desalination compared to those values of 
after desalination when NaCl were used as draw solution. TDS values of NaCl draw solution 
were little bit lower after desalination compared to those values of before desalination.  These 
scenarios might happen due to higher reverse salt flux for this draw solution as compared to the 
organic draw solutions. The TOC values of feed solutions were little bit higher after 
desalination compared to those values of before desalination for the organic draw solutions. 
The higher TOC values were obtained due to probably reverse salt flux of organic draw 
solutions during FO process. However, TOC values were almost the same as before and after 
desalination for NaCl draw solution indicating above 99% rejection of dissolved organic 
compounds in fracking wastewaters.  
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TDS (mg/L) in feed 
solution  
TOC (mg/L) in feed 
solution 
TDS (mg/L) in draw 
solution 
TOC (mg/L) in draw 
solution 
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656 438685 439500 107280 107217 
KF 227554 646 384428 385248 54840 54789 
NaGly 227710 667 488218 488932 118320 118245 
NaP 227542 712 441876 442737 165600 165490 











460 438685 439540 107280 107228 
KF 177460 454 384428 385256 54840 54795 
NaGly 177530 472 488218 489026 118320 118265 
NaP 177473 510 441876 442720 165600 165498 









 A successful database-driven screening method followed by a comprehensive 
laboratory investigation was conducted to select effective organic draw solutions for the 
desalination of highly saline fracking wastewaters by FO process. Four different organic 
compounds, namely KAc, KF, NaGly, and NaP were obtained as effective draw solutions for 
the desalination of this particular wastewater. The average water fluxes obtained in 6 h ranged 
from 10.50 to 13.26 LMH for the synthetic fracking wastewater and those values were 19.05 to 
24.05 LMH for the real fracking wastewater with high solute rejection using the selected 
organic draw solutions (at 18.48 MPa osmotic pressure) in FO processes. The specific reverse 
salt fluxes were much lower for the identified organic draw solutions as compared to the 
commonly used FO process draw solution (NaCl). The lower specific reverse salt flux values 
were obtained due to a low reverse salt flux with a high water flux for the organic draw 
solutions, as compared to when NaCl was used as draw solution. The identified draw solutions 
showed much higher osmotic pressures than those of fracking wastewaters. The selected 
organic draw solutions were also tested for potential recovery downstream in the FO process. 
The laboratory investigation revealed that the membrane distillation is a potential recovery 
method to reuse these draw solutions in the FO process. Hence the identified draw solutes have 
huge potential to be used in FO for treating high salinity waste streams such as fracking 
wastewater. 
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Chapter 5: Silica Nanoparticle Containing Novel Thin-Film Composite Forward Osmosis 
Membrane with High Flux and Antifouling Propertes 
Abstract 
A novel high flux and antifouling thin-film composite forward osmosis membrane containing 
silica nanoparticles was fabricated using a facile electrospinning technique followed by 
interfacial polymerization on the surface of electrospun nanofiber mat. Both the electrospun 
nylon 6 substrate and the polyamide (PA) active layer contained superhydrophilic SiO2 
nanoparticles enhancing the hydrophilicity of the fabricated FO membrane. The fabricated 
electrospun N6/SiO2-supported TFC FO membrane with a PA/SiO2 composite active layer 
(E.Spun N6/SiO2-PA/SiO2) was robust (tensile strength of 22.3 MPa) with a water contact 
angle of 14°. In the FO process, the fabricated TFC membrane exhibited a high water flux 
(27.10 LMH) with a low specific reverse salt flux (5.9 × 10-3 mol.L-1). The fabricated 
membrane also showed antifouling tendencies in FO process for the model  foulants of sodium 
alginate and calcium sulfate. The initial water flux recovery for this membrane was 98% for 
sodium alginate and 94% for calcium sulfate. Moreover, a strong interaction between the 
electrospun substrate and the active layer demonstrated the structural stability of the fabricated 
TFC membrane. 













Forward osmosis processes have attracted a great deal of interest as an alternative to 
conventional pressure-driven membrane processes for applications in food processing, 
desalination, wastewater treatment, and clean energy generation [158-161]. The primary 
concept underlying this process is the osmotic transport of water (water flux) through a semi-
permeable membrane from a low salinity feed solution into a high salinity draw solution due to 
the osmotic pressure gradient between these two solutions [122-123]. This exploits the natural 
process of osmosis, which is the diffusion of salt due to different salinities on either side of a 
semi-permeable membrane. An ideal membrane for the forward osmosis process is on which 
demonstrates high water permeability, solute rejection, and chemical and mechanical stability 
with a low propensity toward fouling [162-163]. Cellulose triacetate (CTA), a hydrophilic and 
low cost organic compound [51], is currently used in the fabrication of a commonly used single 
layer membrane for forward osmosis [164-166]. However, serious disadvantages of this 
forward osmosis membrane include its low selectivity and low stability in harsh acidic and 
basic conditions [167]. These obstacles have redirected researchers’ attention to fabrication of 
TFC PA membranes [143, 166-168] instead of single layer CTA membranes for the forward 
osmosis process. A typical TFC forward osmosis membrane is composed of a microporous 
substrate and an active layer (~ 100 to 300 nm thick) attached on the top surface of the 
substrate [143,166-170]. The active layer of the TFC membrane is polyamide, which is formed 
by an interfacial polymerization reaction on the top surface of the substrate [143,166-170]. 
Materials such as polysulfone, polyether sulfone, and nylon with high tensile strength and 
highly resistant to abrasion and chemicals are used to fabricate the substrate by a phase 
inversion method and/or electrospinning technique [171-173]. TFC membranes are well 
established in pressure-driven membrane processes such as reverse osmosis and nanofiltration, 
however, the application of this type of membrane is still at early stages of adoption in the 
forward osmosis process [174]. TFC membranes currently available for forward osmosis have 
performance drawbacks like low water flux and propensity towards fouling due to the 
hydrophobic substrate with low porosity and hydrophobic active layer [175-177].  
Electrospun nanofiber mats have distinctive structural characteristics, such as a high surface 
area-to-volume ratio, interconnected openpores, and high porosity, which make them highly 
suitable for filtration applications [66-69, 178]. N6 is a synthetic polymer that can be used to 
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fabricate electrospun nanofiber mats [82,178-179]. The fabricated electrospun N6 nanofiber 
mats can be applied as a suitable material for water filtration membranes because of their high 
mechanical strength, high resistance to abrasion and chemicals, extensive surface area, and 
high porosity [82,178-179]. The incorporation of SiO2 nanoparticles into the polymer renders 
the composite (polymer/SiO2) hydrophilic due to the superhydrophilic property of the SiO2 
nanoparticles [83,178]. In addition, the combination of porous SiO2, along with the integrated 
network structures renders a composite material with higher porosity and mechanical strength 
[84-85,178]. Analyzing the above items, the superhydrophilic SiO2 nanoparticles (size: less 
than fiber diameter and thickness of active layer) can be incorporated into the electrospun N6 
substrate as well as the PA active layer (obtained by interfacial polymerization) to enhance the 
performance of the TFC forward osmosis membrane. In fact, the hydrophilicity of both the 
substrate and active layer, and the TFC forward osmosis membrane substrate porosity can be 
increased by inclusion of SiO2 nanoparticles. However, non-selective voids at the interface of 
the active layer and nanoparticles can be generated due to non-uniform dispersion/aggregation 
of nanoparticles that can reduce solute rejection [180-181]. For this reason, nanoparticle 
content optimization is essential in order to incorporate them successfully into the active layer 
of the TFC membrane. 
Development of a TFC membrane with high water flux and rejection, antifouling properties, 
and desirable mechanical strength is crucial for successful application in the forward osmosis 
process. The study presented here focuses on the preparation of a novel electrospun N6/SiO2 
composite nanofiber mat supported PA/SiO2 composite (as active layer) TFC membrane with 
high flux and antifouling propensity in FO process. The incorporation of superhydrophilic SiO2 
nanoparticles into both the substrate and the active layer increased membrane hydrophilicity, 
and substrate porosity. A highly porous substrate together with highly hydrophilic properties 
was responsible to achieve high water flux with antifouling propensity for the fabricated TFC 
membrane. High mechanical strength was also obtained due to the interconnected spider-web 
like structure of the electrospun N6 nanofiber mat along with incorporation of integrated 







Nylon 6, TEOS, ethyl alcohol (C2H5OH), ammonium hydroxide (NH4OH), m-
phenylenediamine (MPD), 1, 3, 5- benzenetricarbonyl trichloride (TMC), and hexane were 
obtained from Sigma-Aldrich, USA. Both formic acid and acetic acid were acquired from 
Fisher Scientific, USA. The commercial flat-sheet TFC forward osmosis membrane was 
purchased from Hydration Technology Innovations (HTI, Albany, OR, USA). De-ionized (DI) 
water was obtained from a Millipore Integral 10 water system (Millipore, Billerica, MA). 
5.2.2 Fabrication of TFC membrane 
5.2.2.1 Fabrication of N6/SiO2 composite nanofiber substrate by electrospinning technique 
N6 (21% by weight) was dissolved in a mixture of formic and acetic acids (80% formic acid 
and 20% acetic acid by volume) using magnetic stirring (rpm 350) for 5 h at ambient room 
temperature. Separately, a SiO2 solution was prepared by mixing TEOS, ethanol, and water at a 
molar ratio of 1:2:2, respectively, in the presence of an NH4OH catalyst and stirred at 25°C for 
4 h. SiO2 nanoparticles were then separated from the mixture through centrifugation. 
Subsequently, SiO2 nanoparticles were dispersed in a formic acid (80% by volume) and acetic 
acid (20% by volume) mixture under sonication for 20 min. An appropriate ratio of SiO2 
dispersion was  added to the N6 solution and sonicated for 5 min and then stirred for 5 h at 
ambient conditions to make the N6/SiO2 solution. In the electrospinning process, high-voltage 
electricity (Nanospinner NE300, Inovenso, Turkey) was applied to the prepared N6/SiO2 
solution in a syringe (volume 20 mL, inside diameter 19.05 mm) via an alligator clip attached 
to the syringe nozzle. The applied voltage was adjusted to 30 kV. The solution was delivered to 
the nozzle tip via a syringe pump to control the solution flow rate (0.18 mL/h). Fiber mats were 
collected on an electrically grounded metallic drum placed 8.8 cm above the nozzle tip [64-65]. 
N6 solution without SiO2 nanoparticles was also electrospun to fabricate a pristine N6 
nanofiber mat as a substrate of the TFC membrane. Temperature (25°C) and relative humidity 





5.2.2.2 Formation of PA/SiO2 composite active layer on the substrate 
An active layer of PA/SiO2 nanoparticle composite was formed on the electrospun N6/SiO2 
substrate by an interfacial polymerization reaction. First, the electrospun substrate was put on a 
glass plate and then the each side of the substrate was tapped with the glass plate very well. The 
electrospun substrate with the glass plate was immersed in an aqueous MPD/SiO2 solution (1% 
MPD and 1, 2, 4 and 6% SiO2 with respect to MPD) for 2 min. Excess MPD solution was 
removed from the substrate surface using an air knife. The MPD/SiO2 substrate was then 
dipped into a solution of 0.15 wt% TMC in hexane for 1 min (to form an ultrathin PA/SiO2 
composite as active layer by an interfacial polymerization reaction between MPD and TMC) 
followed by removal of the excess TMC solution from the top surface of the substrate using an 
air knife. The electrospun substrate with the PA/SiO2 composite active layer was then heated at 
~ 75°C in an oven for 10 min to complete internal cross-linking of the remaining un-reacted 
precursors of interfacial polymerization reaction [182-184]. Finally, the prepared TFC 
membrane was stored in DI water until it was tested. A polyamide active layer was also 
fabricated on the electrospun N6/SiO2 substrate without adding SiO2 nanoparticles during the 
interfacial polymerization reaction between MPD and TMC. Polyamide and polyamide/SiO2 
composite (4% SiO2 content as regards MPD) active layers were fabricated on the electrospun 
N6 substrate as well. A schematic representation of interfacial polymerization between MPD 
and TMC is exhibited in the Scheme 5.1. 
 
 
Scheme 5.1. A schematic representation of interfacial polymerization between MPD and TMC. 
5.2.3 Fabrication of N6 substrate by casting and phase inversion method 
Pristine N6 substrate was also prepared by a casting and phase inversion method. A 21% N6 
solution (by weight) in 80% formic acid and 20% acetic acid mixture (by volume) was casted 




























condition. After casting, the film was dried for 24 h at ambient condition and then it was peeled 
from the glass plate. Finally, the film was immersed into DI water for another 24 h in order to 
remove the remaining solvent.  
5.2.4 Physicochemical characterization 
FE-SEM (QUANTA FEG 450) with a platinum coating on the sample surface was performed 
to observe the morphology of the substrates and TFC membranes. Cross-sectional morphology 
and thickness of the TFC membrane were measured using FE-SEM and a TMI instrument 
(Testing Machines, Inc.), respectively [178]. TEM (TF20) was conducted to examine the 
morphology of the electrospun substrates. A structural study of the electrospun substrates was 
conducted via the use of  XRD (Bruker D8 Discover with a copper X-ray source and equipped 
with a Vantec area detector), and FTIR (NICOLET 6700 FT-IR) spectrometry. The wettability 
and  surface roughness of both the substrates and TFC membrane were investigated using a 
VCA optima instrument (AST Products, Inc.), and an AFM (BRUKER, NanoScopeRV), 
respectively. The wettability of SiO2 nanoparticles was also investigated using the VCA optima 
instrument (AST Products, Inc.). The analysis was performed using the same protocol for SiO2 
nanoparticles described elsewhere [93,178]. Briefly, a few drops of SiO2 nanoparticle 
suspension, in ethanol, were placed on a glass slide and then dried in an oven at 80°C for 30 
min followed by cooling the SiO2 nanoparticles on the glass slide at room temperature. Then, 
the VCA optima instrument was used to determine the water contact angle of the SiO2 
nanoparticles placed on the glass slide. The tensile strength of the substrates and TFC 
membrane were investigated using an Instron instrument (Mini 44), USA.  
5.2.5 Porosity and pore size of the electrospun substrate 
The gravimetric method was used to investigate the porosity of the electrospun substrate, using 
the equation (3-1) [95-99]. 
The mean pore size of the substrate was determined via the filtration velocity method. The 
volume of permeate water was obtained using a dead-end stirred cell filtration device 
(Millipore stirred ultra-filtration cells, 8010, USA, effective area of 0.0003 m2) connected to a 
nitrogen gas cylinder. The rm was calculated using the Guerout-Elford-Ferry equation (3-2) [96-
99]. 
The Rmax was determined via the bubble point method. The bubble point pressure was 
determined using the aforementioned dead-end stirred cell filtration system [178]. The substrate 
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was immersed in DI water for 4 h and then fitted on the dead-end cell. The output tube of the 
dead-end cell was immersed in DI water so that the bubble point pressure could be read. The 
maximum pore size was calculated according to Laplace’s equation (3-3) [96]: 
5.2.6 Performance evaluation of the TFC membrane 
5.2.6.1 Water permeability, salt rejection, salt permeability and structural parameters 
A flat-sheet TFC membrane was used to conduct all the forward osmosis experiments. The A 
and B for the TFC membrane were investigated using a bench-scale cross-flow RO test system. 
A piece of the membrane with an effective surface area of 19.94 cm2 was placed in a stainless 
steel test cell with the active surface of the membrane facing the feed stream. Using a high-
pressure positive displacement pump (Hydra-cell pump), the feed solution was re-circulated at 
1.0 L/min. DI water was used as the feed stream to investigate A, and a 20 mM solution of 
NaCl was used as the feed stream to investigate R and B for the TFC membrane. Water 
permeability coefficient, solute rejection and salt permeability coefficient for the membrane 
were determined using equations (4-1), (4-2), (4-3) and (4-4) [95,137,139-140]. 
The pressure was increased in 0.345 MPa increments from 0.345 to 1.034 MPa in order to 
investigate A of the TFC membrane. Constant pressure was applied at each increment for 8h. 
The water flux through the membrane was obtained from a liquid flow sensor (Sensirion, The 
Sensor Company) directly connected to a computer. To investigate R and B, 1.896 MPa 
pressure was applied to the RO cell. Conductivity of the feed and permeate solutions was 
investigated using a calibrated conductivity meter (Oakton, Eutech Instruments) to calculate 
solute rejection. This experiment was conducted at a constant temperature of 24 °C using a 
chiller (Polystat, Cole-Parmer). 
A bench-scale FO test system was used to determine the S of the TFC membrane by applying 
the  equation (4-5) [95, 139, 141-142]. In this approach, de-ionized water was used as the feed 
solution, while 1 M NaCl was used as the draw solution.  
5.2.6.2 Water flux and reverse salt flux in FO experiment 
A bench-scale experimental setup (Figure 2-6) was used to evaluate the FO performance of the 
TFC membranes. DI water and 1M NaCl solution were used as the feed and draw solutions, 
respectively, in the FO experiment. A piece of the membrane with an effective surface area of 
19.94 cm2 was placed in an acrylic cross-flow cell with the active layer of the membrane facing 
the feed stream. On both sides of the membrane, the cross-flow cell had symmetric channels, 
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which allowed for both the feed and the draw solutions to flow tangential to the membrane. Re-
circulation of the feed solution and the draw solution on the opposite sides of the membrane 
was executed using two variable-speed gear pumps (Gear Pump Drive, Cole-Parmer Instrument 
Company). The flow rate of each solution was maintained at 0.5 L/min. The feed solution 
temperature and the draw solution temperature were held at a constant temperature of 24 °C 
and monitored with a thermometer. The feed solution and the draw solution were placed in two 
separate 4.0 L reservoirs to conduct the experiment. The feed solution container was placed on 
a digital analytical balance. The water flux and the reverse salt flux were determined to 
evaluate the FO performance of the TFC membranes. Each experiment was conducted for one 
hour and the concentration of the draw solution was adjusted by adding concentrated draw 
solution in every 15 min. The water flux through the membrane was obtained from the digital 
analytical balance by using equation (4-1). To investigate the reverse salt flux, a sample of the 
feed solution was collected before and after the experiment to determine the salt concentration 
using a calibrated conductivity meter (Oakton, Eutech Instruments). Reverse salt flux was 
calculated using equation (4-6) [143]. 
5.2.6.3 Membrane antifouling test 
Sodium alginate (SA) and calcium sulfate (CaSO4) were used as model organic and inorganic 
foulants, respectively, to investigate the antifouling properties of the FO membranes. The 
membrane coupon was placed into the FO cell with the active layer facing the feed side. The 
membrane coupon was immersed in DI water for 24 h before conducting the antifouling test. 
First, the FO experiment was conducted for 6 h at a flow rate of 0.5 L/min using 1 M NaCl as 
draw solution and DI water as feed. Then, 1 M NaCl, as draw solution, and DI water with SA 
(200 mg/L) and CaCl2 (1 mM), as feed solution, were used to conduct the antifouling test for 6 
h at the same flow rate (0.5 L/min) using a new membrane coupon. In order to investigate 
antifouling propensity in relation to CaSO4, 1 M NaCl as draw solution and DI water with 
CaSO4 (2000 mg/L) as feed solution, were used to conduct the antifouling test. This experiment 
was also conducted for 6 h at a flow rate of 0.5 L/min using a new membrane coupon. Weight 
changes of the feed solution throughout the FO experiments were monitored precisely using a 
digital weight balance at fifteen-minute intervals. Now, for 2 h, DI water with a flow rate of 1 
L/min was applied to physically clean the membrane active surface of the both fouled 
membranes (fouled by SA and CaSO4). In the FO experiment, the water flux through the 
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cleaned membranes was measured using 1 M NaCl and DI water as draw and feed, 
respectively, in order to investigate flux recovery for these membranes. These experiments 
were also conducted for 6 h at a flow rate of 0.5 L/min in which the weight changes of the feed 
solution were monitored using a digital weight balance at fifteen-minute intervals. 
5.3 Results and discussion 
5.3.1 Morphology of the electrospun substrates 
The FE-SEM images of pristine N6 and N6/SiO2 composite electrospun substrates with 20 
wt.% SiO2 content are shown in Figure 5-1. The electrospun N6/SiO2 composite with 20 wt.% 
SiO2 content was the best composite studied in our previous report [178]. Pristine electrospun 
N6 substrate showed a fibrous morphology in which the diameter of the fibers ranged between 
80 to160 nm (Figure 5-1 A). The spider-web like structure was also obtained in the electrospun 
N6 substrate due to higher applied voltage (30 kV) during electrospinning of the N6 solution. 
In fact, the higher applied voltage during the electrospinning caused N6 to ionize in the acid 
solvent, which resulted the formation of spider-web like structure in the electrospun N6 
substrate  (Figure 5-1 A) [82,105,178]. As seen in Figure 5-1 B, the diameters of fibers of the 
electrospun N6 substrate increased with the addition of SiO2 nanoparticles. The addition of 
highly surface-active SiO2 nanoparticles can increase both the viscosity and surface tension of 
electrospinning solutions, which contribute to increase the diameters of nanofibers of the 
electrospun N6/SiO2 composite substrate [106]. Furthermore, the density of the spider-web like 
structure of electrospun substrates was decreased with the incorporation of SiO2 nanoparticles 
(Figure 5-1 A and Figure 5-1 B). The addition of SiO2 nanoparticles may have decreased the 
conductivity of the ionic N6 solution, which in turn decreased the ionization of the N6 during 
the electrospinning process. Hence, the density of the spider-web like structure of electrospun 






Figure 5-1. FE-SEM images of electrospun substrates of (A) N6 and (B) N6/SiO2 (20 wt.%) 
composite. A mixture of 80% formic acid and 20% acetic acid by volume was used as solvent 
to prepare pristine N6 and N6/SiO2 blended solutions for electrospinning.  The surface of the 
electrospun substrates was coated with Pt to capture these FE-SEM images. The SEM-EDX 
spectra of the electrospun substrates were taken from the yellow spotted regions. 
The SEM-EDX spectra of the electrospun substrates for the pristine N6 and N6/SiO2 composite 
are exhibited in Figure 5-2. The EDX analysis suggests the presence of C, N and O atoms of N6 
(Figure 5-2 A). Pt was also obtained in the EDX spectrum due to the Pt coating applied to 
conduct the SEM analysis for the electrospun N6 substrate. The N6/SiO2 composite substrate 
showed a new peak for Si and an O peak with a higher intensity (Figure 5-2 B) than previously 
observed for N6 alone (Figure 5-2 A). This result confirmed the successful incorporation of 
SiO2 nanoparticles into the electrospun N6 substrate.  
 
 
Figure 5-2. SEM-EDX spectra of electrospun substrates of (A) N6 and (B) N6/SiO2 
composites. (The SEM-EDX spectra of the electrospun substrates of pristine N6 and N6/SiO2 
composites were taken from the yellow spotted regions of Figure 5-1). 
(A) (B)
1 µm 1 µm




The TEM images of the electrospun substrates of pristine N6 and N6/SiO2 composites are 
exhibited in Figure 5-3 A and Figure 5-3 B, respectively. The SiO2 nanoparticles were 
incorporated and well distributed in the N6 nanofibers of the electrospun substrates (Figure 5-3 
B). The TEM images also show the size of the SiO2 nanoparticles, which is about 30 nm, in the 
nanofibers of the electrospun substrates. 
 
Figure 5-3. TEM images of electrospun substrates of (A) N6 and (B) N6/SiO2 composites. The 
Cu grid and Si detector were used when capturing the TEM images of the electrospun 
substrates. 
5.3.2 Structural study of the electrospun N6/SiO2 composite by XRD and FTIR analysis 
Figure 5-4 A shows the XRD data for the electrospun substrates of pristine N6 and the N6/SiO2 
composite with 20 wt.% SiO2 content. The XRD data of the pristine N6 shows a peak at 2θ = 
21.2° indicating the morphology of a semi-crystalline polymer containing crystals of γ-form, 
which is consistent with the literature [108]. The incorporation of SiO2 into N6 caused a 
reduction in the peak intensity and a smaller peak appeared as a result of the crystal structure 
splitting from γ (2θ = 21.2°) into the α-form at 2θ = 23.5° [108]. 
The FTIR spectra are shown in Figure 5-4 B. The FTIR spectrum of electrospun N6 substrate 
shows typical peaks at 1545 cm-1 (N-H deformation), 1637 cm-1 (C=O stretching), and 3294 
cm-1 (N-H stretching) [106]. These peaks can also be seen in the spectra for 20 wt.% SiO2 
content for the electrospun N6/SiO2 composite substrate. Two new peaks at 1100 cm
-1 and 800-
700 cm-1 were obtained due to incorporation of SiO2 nanoparticles into the N6 substrate. The 
peak at 1100 cm-1 was the characteristic signal of a Si-O-Si bond in the N6/SiO2 composite 




[106]. The peak at 800-700 cm-1 was obtained because of v(Si-OH) in the N6/SiO2 composite 
[64]. In fact, hydrogen bonds were formed between the O atom of the hydroxyl group of the 






Figure 5-4. (A) XRD and (B) FTIR data for the electrospun N6 and N6/SiO2 composite 
substrates. (The X-ray source is copper and equipped with a Vantec area detector). 
5.3.3 Wettability and surface roughness of the electrospun substrates 
The wettability of the electrospun substrates of pristine N6 and N6 with 20 wt.% SiO2 content 
is shown in Figure 5-5. The water contact angles of the electrospun substrates of N6 and 
N6/SiO2 composite were 39° and 15°, respectively, at the point where the substrate surface was 
touched by the water droplet (Figure 5-5 A and Figure 5-5 B). The water droplet was quickly 
absorbed through the electrospun substrates after touching its surface during the contact angle 
measurement, indicating highly hydrophilic properties of the substrates [110]. The durations of 
2.1 sec and 0.75 sec were required by the electrospun N6 and N6/SiO2 composite substrates, 
respectively, to completely absorb the water droplet. Due to incorporation of superhydrophilic 
SiO2 nanoparticles, the electrospun N6/SiO2 composite showed greater hydrophilic properties 



























































Figure 5-5. Wettability of the electrospun substrates of (A) N6 and (B) N6/SiO2 composite. 
5.3.4 Porosity, pore size and tensile strength of the electrospun substrates 
The porosities of the electrospun substrates of pristine N6 and N6/SiO2 (20 wt.%) composite 
are shown in Table 5-1. The electrospun N6 substrate with 21 wt% of N6 solution exhibited 
high porosity (86%) due to the high surface area to volume ratio of the nanofibers of the 
substrate. However, the incorporation of SiO2 nanoparticles (20 wt%) increased the porosity of 
the electrospun N6 substrate by ~ 10% due to the porous structure of the SiO2 nanoparticles 
[84]. The average and maximum pore sizes of the electrospun N6 substrate were 406 and 575 
nm, respectively, while those values were 478 nm (average) and 661 nm (maximum) for the 
electrospun N6/SiO2 composite substrate (Table 5-1). It is assumed that the higher pore sizes 
are due to higher fiber diameters of the electrospun N6/SiO2 composite substrate as compared 
to the electrospun N6 substrate. The tensile strength of the fabricated electrspun substrates is 
also shown in Table 5-1. The electrospun N6 substrate showed a tensile strength of 19.0 MPa. 
The high tensile strength of the electrospun N6 substrate was due to the highly interconnected 
spider-web like structure in the substrate. The ionic species of the N6 solution form stronger 
hydrogen bonds because of the extra available charge on them in the presence of high applied 
voltage during the electrospinning process. The protonated amide group of ionic N6 can 
effectively form hydrogen bonds with oxygen atoms of a N6 molecule in the main fiber and 
form another hydrogen bond between an oxygen atom between the ionic molecule and a 
hydrogen atom from the amide group of another main fiber to form the interconnected spider-
web like substrate (Scheme 5-2). The incorporation of SiO2 nanoparticles enhanced the tensile 
 























































































































strength of the electrospun N6 substrate (21.40 MPa), likely due to the integrated network 
structure of SiO2 (Scheme 5-2). 
Table 5-1. Porosity, pore size, and tensile strength of the electrospun substrates. 
Substrate Porosity (%) Pore size (nm) Tensile strength 
(MPa) Average Maximum 
E.Spun N6 86 ± 1 406 ± 11 575 ± 14 19.0 ± 1 
E.Spun N6/SiO2 95 ± 0.5 478 ± 13 661 ± 15 21.40 ± 0.85 
 
 







































































5.3.5 Characteristics of casted N6 substrate 
N6 substrate was prepared by the phase inversion method. The casted N6 substrate was almost 
nonporous with low wettability (water contact angle 72°) exhibited in Figure 5- 6. Therefore, 
the casted N6 substrate cannot be used as an effective substrate for TFC membrane.  
 
5.3.6 Morphology of the TFC membrane 
The top surface FE-SEM images of the electrospun N6/SiO2 composite supported TFC 
membranes with pristine PA and PA/SiO2 composite active layers are exhibited in Figure 5-7. 
The obtained ‘‘ridge and valley’’ structure indicated the successful formation of active layers 
of pristine PA (Figure 5-7 A) and PA/SiO2 composite (Figure 5-7 B, Figure 5-7 C, Figure 5-7 
D and Figure 5-7 E) on the electrospun N6/SiO2 composite substrate. Incorporated SiO2 
nanoparticles were clearly observed for the PA/SiO2 composite active layers (Figure 5-7 B, 
Figure 5-7 C, Figure 5-7 D and Figure 5-7 E). Some nanoparticles were observed on the surface 
and some nanoparticles were embedded into the PA active layers. The concentration of the 
SiO2 nanoparticles increased as a function of increased incorporated SiO2 nanoparticles during 
interfacial polymerization. The sizes of the incorporated SiO2 nanoparticles were much higher 
for 6% SiO2 content (Figure 5-7 E) as compared to the other percentages of SiO2 content (1, 2 
and 4%) (Figure 5-7 B, Figure 5-7 C and Figure 5-7 D). The larger size of particles for 6% 
SiO2 content indicated the aggregation of nanoparticles. The highest concentration, with still 
well dispersed SiO2 nanoparticles, was observed with a 4% SiO2 content (Figure 5-7 D) in the 
active layer. The interaction between PA and SiO2 nanoparticles in the active layer was 
obtained due to hydrogen bond formation between the O atom in the hydroxyl group of the 
SiO2 nanoparticles and the H atom of the amide group of PA (Scheme 5-3).  
Water contact angle 72°
2 µm
(A) (B)
Water contact angle 72°
Figure 5-6. (A) FE-SEM 
image and (B) Water contact 





The cross-section of the fabricated electrospun N6/SiO2 supported TFC membrane with 4% 
SiO2 content in the PA active layer is shown in Figure 5-7 F. The thickness of the electrospun 
substrate was ~85 µm and a very thin PA active layer existed on the surface of the substrate. 
The PA active layer was strongly attached to the surface of electrospun substrate due to the 
interaction between the polar amide groups of N6 and the polar amide groups of PA [86]. The 
top surface FE-SEM images of the electrospun N6 supported TFC membranes with pristine PA 
and PA/SiO2 composite (4% SiO2 content as regards MPD) active layers are also shown in the 

























Scheme 5-3. A schematic 
representation of interaction between 





Figure 5-7. FE-SEM images of the top surface of electrospun N6/SiO2 composite supported 
TFC membranes with PA/SiO2 composite active layer with SiO2 concentrations of (A) 0%, (B) 
1%, (C) 2%, (D) 4% and (E) 6%, and (F) Cross-sectional FE-SEM images of the TFC 
membrane in the case of 4% SiO2 nanoparticles incorporated in the PA active layer [The 
percentages of SiO2 nanoparticles in the active layer were taken with respect to MPD during 
interfacial polymerization]. 
The SEM-EDX spectra of the surfaces of the electrospun N6/SiO2 supported TFC membranes 
with the pristine PA and the PA/SiO2 composite active layers are exhibited in Figure 5-8. The 
EDX analysis suggests the presence of C, N, and O atoms of PA (Figure 5-8 A). Pt was also 
obtained in the EDX spectrum due to the Pt coating applied to conduct the SEM analysis for the 
TFC membranes. The PA/SiO2 composite active layer showed a new peak for Si and an O peak 
with a higher intensity (Figure 5-8 B) than previously observed for PA alone (Figure 5-8 A). 
This result confirmed the successful incorporation of SiO2 nanoparticles into the PA active 




















Figure 5-8.  SEM-EDX spectra of electrospun N6/SiO2 composite supported TFC membranes 
with (A) PA and (B) PA/SiO2 composite active layers. (The SEM-EDX spectra of the TFC 
membranes were taken from the yellow spotted regions of Figure 5-7). 
The surface roughness of the electrospun N6/SiO2 supported TFC membranes with the pristine 
PA and the PA/SiO2 composite active layers was also investigated through AFM and the result 
of this investigation is shown in Figure 5-9. The Ra of the electrospun N6/SiO2 supported TFC 
membrane with the pristine PA was 122 nm (Figure 5-9 A). However, the Ra of the TFC 
membrane with the active layer of PA/SiO2 composite increased to 160 nm due to the addition 






Figure 5-9. AFM images of the TFC membranes of (A) electrospun N6/SiO2-PA and (B) 
electrospun N6/SiO2-PA/SiO2 composites with 4% SiO2 content in the PA active layer [The 
percentages of SiO2 nanoparticles in the active layer were taken into account in regards to MPD 
during interfacial polymerization]. 
(A)
Spotted region for Figure 5-7 A Spotted region for Figure 5-7 D
(B)
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5.3.7 Wettability and tensile strength of the membranes 
The wettability of the fabricated and the commercial TFC membranes is exhibited in Table 5-2. 
The water contact angles of electrospun N6 supported PA TFC membrane (E.Spun N6/PA) and 
electrospun N6 supported PA/SiO2 TFC membrane (E.Spun N6-PA/SiO2) were 63° and 47°, 
respectively. The decrease in water contact angle was obtained for the TFC membrane with 
PA/SiO2 composite active layer. The water contact angle of the fabricated electrospun N6/SiO2 
supported TFC membrane with PA active layer (E.Spun N6/SiO2-PA) was 32°, however the 
water contact angle reduced to 14° by incorporating 4% SiO2 nanoparticles (as regards MPD 
during interfacial polymerization) into the PA active layer. The water contact angle decreased 
due to superhydrophilic properties of the incorporated SiO2 nanoparticles into the PA active 
layer. In Table 5-2, it is also observed that wettability of the fabricated TFC membranes 
increased with increasing wettability of substrate, while the active layers were identical. In fact, 
the highly wettable substrate induced the very thin active layer to be more wettable. The water 
contact angle of the fabricated electrospun N6/SiO2 supported TFC membrane with PA/SiO2 
active layer was 0.56 times lower as compared to that of the commercial TFC membrane (water 
contact angle 25°). The obtained water contact angle of the commercial TFC membrane was 
comparable to the literature value (water contact angle 24°) for the same type of membrane 
[185].  
The tensile strength of the fabricated membranes—as well as commercial TFC membranes—is 
also exhibited in Table 5-2. The tensile strength of electrospun N6/PA and electrospun N6-
PA/SiO2 TFC membranes were 19.4 and 19.5 MPa, respectively (Table 5-2). The electrospun 
N6/SiO2 supported TFC membrane with PA active layer showed a tensile strength of 22 MPa. 
The tensile strength of the electrospun N6/SiO2 supported TFC membrane with PA/SiO2 active 
layer was almost same as the fabricated TFC membrane with pristine PA active layer (Table 5-
2). The very small quantity of incorporated SiO2 nanoparticles into the PA active layer could 
not provide any contribution to enhance mechanical strength of the E.Spun N6/SiO2-PA/SiO2 
TFC membrane. However, the tensile strength of the electrospun substrates slightly increased 
after fabricating active layers on it due to fiber binding effect of the active layer (Table 5-1 and 
Table 5-2). The obtained tensile strength of the commercial TFC membrane was much lower 




Table 5-2. Water contact angle and tensile strength of the TFC membranes. 
Membrane Water contact angle (°) Tensile strength (MPa) 
E.Spun N6-PA 63 ± 0.9 19.4 ± 0.8 
E.Spun N6-PA/SiO2 47 ± 1.0 19.5 ± 0.7 
E.Spun N6/SiO2-PA 32 ± 0.8 22 ± 0.4 
E.Spun N6/SiO2-PA/SiO2 14 ± 0.5 22.3 ± 0.2 
Comm. TFC 25 ± 0.7 8.2 ± 0.3 
 
5.3.8 Performance of the membranes 
5.3.8.1 FO water flux and structural parameter of the membranes 
A cross-flow RO cell was used to investigate pure water permeability of the fabricated as well 
as the commercial TFC membranes, and the obtained water permeability values were 20.1, 
23.3, 28.2, 45, and 32.5 LMH/MPa for electrospun N6-PA, electrospun N6-PA/SiO2, 
electrospun N6/SiO2-PA, electrospun N6/SiO2-PA/SiO2, and commercial TFC membranes, 
respectively. The obtained water permeability value for the commercial TFC membrane is very 
near to the literature value (31.6 LMH/MPa) for the same type of membrane [54]. The 
fabricated electrospun N6-PA and electrospun N6-PA/SiO2 TFC membranes were not 
considered for further FO performance investigations due to their lower water permeabilities 
compared to those of the other two fabricated membranes. The structural parameters of the 
fabricated and the commercial TFC membranes were determined through the investigation of 
salt rejection and salt permeability coefficient in a cross-flow RO cell (Table 5-3). The salt 
rejections of the fabricated membranes were 98% for electrospun N6/SiO2-PA and 98.5% for 
electrospun N6/SiO2-PA/SiO2, whereas it was 97.27% for the commercial TFC membrane. The 
salt permeability coefficient of the fabricated membranes were 1.04 LMH for electrospun 
N6/SiO2-PA, 1.24 LMH for electrospun N6/SiO2-PA/SiO2, which were lower than that of the 
commercial membrane (1.65 LMH). FO water fluxes for the fabricated and the commercial 
TFC membranes are presented in Table 5-3. In order to obtain water flux, 1 M NaCl and DI 
water were used as draw solution and feed, respectively, in the FO process. The use of 1 M 
NaCl as draw solution and DI water as feed is a common practice in FO process [162, 166, 185, 
186-195]. The obtained FO water fluxes for the fabricated electrospun N6/SiO2-PA/SiO2 TFC 
membrane was higher (27.10 LMH) than those of the other fabricated electrospun N6/SiO2-PA 
(17.50 LMH) and the commercial  (20.82 LMH) TFC membranes at the same experimental 
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conditions. Compared to the fabricated electrospun N6/SiO2-PA and the commercial TFC 
membranes, the higher FO water flux was obtained for the fabricated electrospun N6/SiO2-
PA/SiO2 TFC membrane due to its higher hydrophilicity with lower structural parameters as 
presented in Table 5-2 and Table 5-3.  
Table 5-3. FO water flux (at 1 M NaCl draw solution against DI water as feed) and structural 
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98.00 1.04 17.50 554 
E.Spun N6/SiO2-PA/SiO2 98.50 1.24 27.10 365 
Comm. TFC 97.27 1.65 20.82 456 
* Applied pressure for rejection test in RO experiment was 1.896 MPa.  The pure water 
permeability of the fabricated electrospun N6/SiO2-PA and electrospun N6/SiO2-PA/SiO2 
membranes,  and the commercial TFC membrane in RO experiments were 28.2, 45, and 32.5 
LMH/MPa, respectively. Mutual diffusivity of the NaCl solution was 1.38 × 10-9 m2/s. Osmotic 
pressure of 1 M NaCl solution was 4.6 MPa. Each set of FO experiment was conducted thrice 
and then the average values of obtained water flux from these three sets of experiments  are 
presented in Table 5-3.   
 
Table 4 presents a comparison between the intrinsic permeationproperties of lab-made TFC 
membranes and the literature TFC flat sheet membranes under both FO and RO conditions. 
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Table 5-4. Performance comparison of various FO TFC flat-sheet membranes in FO mode. 
































17.50 28.2 1.04 98 554  
This work E.Spun N6/SiO2-PA/SiO2 27.10 45 1.24 98.5 365 
Commercial TFC 20.82 32.5 1.65 97.27 456 
TFC1, PA/PES 11.0 6.6 0.35 97.8 460  
[185] TFC2, PA/PES 17.0 18 1.00 97.5 458 
TFC3, PA/PES 26.5 57.8 4.96 93.4 436 
PA/PSf 15.8 11.6 0.47 97.4 492 [166] 
PA/PSf 25.0 19.0 0.33 98.6 312 [186] 
PA/PES-co-sPPSU 20.0 7.3 0.25 91.0 324 [187] 
PA/PES 47.0 17.0 - 97.0 80 [188] 
PA/PES-SPSF 32.0 7.7 0.11 93.5 238 [162] 
PA/CAP 10.0 18.2 0.19 89.2 789 [189] 
PA/PSf-SPEK 23.0 7.5 0.07 89.5 107 [190] 
PA/PVDF 28.0 31.5 2.33 84.4 325 [191] 
PA/PK 27.0 25.0 0.18 - 280 [192] 
Zeolite NaY-PA/PSf 11.0 25.7 1.57 77.6 782 [193] 
PA/PVDF 22.0 12.8 0.28 - 193 [194] 




5.3.8.2 Reverse salt flux and specific reverse salt flux of the membranes in FO process 
The reverse salt flux and specific reverse salt flux of the TFC membranes used in FO processes 
are shown in Figure 5-10. The reverse salt fluxes of the fabricated TFC membranes (0.148 
mol.m-2.h-1 for electrospun N6/SiO2-PA and 0.16 mol.m
-2.h-1 for electrospun N6/SiO2-PA/SiO2) 
were lower as compared to that of the commercial TFC membrane (0.191 mol.m-2.h-1) (Figure 
5-10 A). Due to incorporation of SiO2 nanoparticles into the active layer, a little higher reverse 
salt flux was obtained for the fabricated electrospun N6/SiO2-PA/SiO2 TFC membrane as 
compared to the other fabricated membrane (electrospun N6/SiO2-PA). Higher salt 
permeability in RO test (Table 5-3) also supports the higher reverse salt flux for the fabricated 
electrospun N6/SiO2-PA/SiO2 TFC membrane as compared to that of the fabricated electrospun 
N6/SiO2-PA TFC membrane. However, the specific reverse salt flux of the fabricated 
electrospun N6/SiO2-PA/SiO2 TFC membrane (specific reverse salt flux 5.9 × 10
-3 mol.L-1) was 
much lower, as compared to those of the fabricated electrospun N6/SiO2-PA (specific reverse 
salt flux 8.46 × 10-3 mol.L-1) and the commercial (specific reverse salt flux 9.17 × 10-3 mol.L-1) 
TFC membranes (Figure 5-10 B). Higher water flux was responsible for obtaining lower 
specific reverse salt flux for the fabricated electrospun N6/SiO2-PA/SiO2 membrane as 










Figure 5-10. (A) Reverse salt flux and (B) Specific reverse salt flux of the membranes. Each set 
of FO experiments was conducted thrice and then the average values of obtained reverse salt 
















































































































































5.3.8.3 Antifouling propensity of membrane in the FO process 
The antifouling propensity of the fabricated membrane, as well as commercial TFC membrane, 
was studied in the presence of two separate foulants, namely SA (model organic foulant) with 
calcium ions (as bridging agent) and CaSO4 (model inorganic foulant). The fouling behavior of 
the TFC membranes with these two foulants is illustrated in Figure 5-11. The decline in water 
flux due to reverse salt flux in 6 h were 5, 8, and 13% for the fabricated electrospun N6/SiO2-
PA, electrospun N6/SiO2-PA/SiO2, and the commercial TFC membranes, respectively, when 
using 1 M NaCl as draw solution and DI water as feed solution (Figure 5-11 A). However, 17, 
12, and 21.5% declines of water flux were obtained for the fabricated electrospun N6/SiO2-PA, 
electrospun N6/SiO2-PA/SiO2, and the commercial TFC membranes, respectively, when SA 
with calcium ions was used as the foulant (Figure 5-11 B). In Figure 5-11 B, 12, 4 and 8.5% 
declines of water flux were observed for the fabricated electrospun N6/SiO2-PA, electrospun 
N6/SiO2-PA/SiO2, and the commercial TFC membranes, respectively, due to fouling caused by 
SA. A higher antifouling propensity was obtained due to higher hydrophilicity of the fabricated 
electrospun N6/SiO2-PA/SiO2 membrane as compared to the two other types of membranes. 
The membranes were physically cleaned after conducting the fouling experiments with SA. 
The water flux of the cleaned membranes was determined in the use of 1 M NaCl as a draw 
solution and DI water as feed in order to investigate water flux recovery of the membranes. The 
initial water flux recovery of 87, 98, and 90% with water flux decline of 9, 10, and 16% after 6 
h was obtained for the fabricated electrospun N6/SiO2-PA, electrospun N6/SiO2-PA/SiO2, and 
the commercial TFC membranes, respectively (Figure 5-1 C). The decline in water flux for the 
electrospun N6/SiO2-PA, electrospun N6/SiO2-PA/SiO2, and the commercial TFC membranes 
were 18%, 13%, and 23%, respectively, when CaSO4 was used as the foulant (Figure 5-11 D). 
Water flux declines of 13, 5 and 10% were observed for the fabricated electrospun N6/SiO2-
PA, electrospun N6/SiO2-PA/SiO2, and the commercial TFC membranes, respectively, due to 
fouling caused by CaSO4 (Figure 5-1 D). The membranes were also cleaned physically after 
conducting the fouling experiments with CaSO4 and the water flux of the cleaned membranes 
was determined in order to investigate water flux recovery of the membranes. An initial water 
flux recovery of 82, 94, and 87% with water flux decline of 11, 12, and 18% after 6 h was 
obtained for electrospun N6/SiO2-PA, electrospun N6/SiO2-PA/SiO2, and the commercial TFC 
membranes, respectively (Figure 5-11 E). The fabricated electrospun N6/SiO2-PA/SiO2 TFC 
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membrane exhibited the best antifouling performance for both foulants (SA and CaSO4) due to 









Figure 5-11. (A) Decline of water flux when 1 M NaCl was used as draw solution against DI 
water as feed, (B) Fouling behavior of the membrane when 1 M NaCl was used as draw 
solution against DI water with foulant, SA, as feed solution, (C) Decline of water flux after 
cleaning of the membrane fouled by SA (Draw solution: 1 M NaCl, Feed solution: DI water), 
(D) Fouling behavior of membrane when 1 M NaCl was used as draw solution against DI water 
with foulant, CaSO4, as feed solution and (E) Decline of water flux after cleaning of the 
membrane fouled by CaSO4 (Draw solution: 1 M NaCl, Feed solution: DI water). [Each set of 
FO experiments was conducted thrice and then the average values of obtained water flux from 
these three sets of experiments  are presented in Figure 5-11]. 
 
 











































































Flux dceline due to fouling 4%
Flux decline due to fouling 8.5%



















































































































Flux decline due to fouling 5%

















Initial flux recovery 98%
Initial flux recovery 90%



































































Initial flux recovery 94%
Initial flux recovery 87%




























































A thin-film composite forward osmosis membrane containing SiO2 nanoparticles with high 
water flux and antifouling properties was successfully prepared using a facile electrospinning 
technique combined with interfacial polymerization on surface of electrospun nanofiber mat. 
The successful fabrication of the TFC membrane was confirmed via FE-SEM, TEM, XRD, 
FTIR, and AFM analyses. The fabricated membrane was highly hydrophilic (water contact 
angle 14°) with high mechanical strength (tensile strength 22.3 MPa). The fabricated 
membrane also showed a high water flux of 27.10 LMH with a low specific reverse salt flux 
(5.9 × 10-3 mol.L-1) in the FO process. The initial water flux recovery of 98% for SA foulant 
and 94% for CaSO4 foulant indicated a high antifouling propensity for the fabricated TFC 
membrane when used in the FO process. The membrane was also stable due to a beneficial 
interaction between the electrospun substrate and the active layer. Depending on the obtained 
performance of the membrane, it can be concluded that the novel fabricated TFC membrane 
has a huge potential in the FO process.  
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Chapter 6: Performance of Combined MF-FO-MD Processes for Fracking Wastewater 
Treatment 
Abstract 
The discharge of highly saline fracking wastewater produced by hydraulic fracturing is of great 
concern due to both human health and environmental effects. Microfiltration as a pre-treatment 
process and the emerging forward osmosis—coupled with membrane distillation (a 
downstream separator)—as post-treatment processes were successfully applied for the first time 
to treat fracking wastewater. Microfiltration as a pre-treatment removed ~52% of TOC and 
~98.5% of turbidity. High average water fluxes (19.98 LMH for NaCl and 30.97 LMH for NaP 
draw solutions) with high solute rejection were obtained via the FO process using a 
nanocomposite membrane. This research also demonstrated that 98.5% of initial water flux can 
be recovered with the nanocomposite membrane after desalination of the fracking wastewater. 
Membrane distillation can be used as a downstream separator in order to recycle FO draw 
solutions, along with the  production of pure water.  















A massive source of natural gas exists in pockets of underground porous rocks, also described 
as “shale gas” [4]. The hydraulic fracturing technique has opened the underground porous rocks 
as viable natural gas zones [117]. The process in which drilling and injecting fluid into the 
ground at high pressure in order to crack shale rocks, releasing the natural gas inside is termed 
as “hydraulic fracturing” or “fracking” for short [121]. In this process, a sand/water suspension 
and proppants (chemicals) are pumped, at high pressure, into the shale layer after drilling [121]. 
Consequently, natural gas is released and flows back up with the drilling fluids. Currently shale 
gas is being produced in many regions of the United States [118]. In the United States, the 
production of shale gas through hydraulic fracturing has been criticized due to the negative 
environmental impacts and management implications of hydraulic fracturing fluids, also known 
as “fracking wastewater” [17]. The management of fracking wastewater is crucial to both 
maintain the appreciative economics of shale gas development and defend both the 
environment and human health [20,25]. A possible solution to these issues is to treat fracking 
wastewater before discharge/reuse. High-salinity is the main characteristic of fracking 
wastewater, which contains different types of inorganic salts obtained from underground brines 
[21]. Shale gas wastewater also contains dissolved organic compounds, oil, and sand [22-24]. 
The treatment of highly saline fracking wastewater is both challenging and energy intensive. 
Various technologies, such as mechanical vapor compression, reverse osmosis, membrane 
distillation, and forward osmosis, can be used to desalinate fracking wastewater [24]. 
Mechanical vapor compression and reverse osmosis are energy-intensive processes and the 
composition of fracking wastewater can create distinctive challenges in the membrane 
distillation process [24]. However, forward osmosis (FO) process can desalinate fracking 
wastewater using fairly straightforward and economic, low-pressure equipment in which 
wastewater is treated by osmotic pressure rather than hydraulic pressure [24]. The primary 
principle behind this process is osmosis, the natural diffusion of water (water flux) through a 
semi-permeable membrane from a low salinity feed solution into a high salinity draw solution 
[122-123]. To make the FO process commercially viable, the engineered draw solution also 
needs to be reused. Membrane distillation (MD) can be used as a separator downstream of the 
FO process to recycle the FO draw solutions [57]. Membrane distillation is an emerging 
technology that utilizes low-grade heat or industrial waste-heat at a temperature of ~50°C to 
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drive separation [24]. MD is a thermally driven process in which water vapor transport occurs 
across a non-wetted microporous hydrophobic membrane. The driving force behind the MD 
process is the vapor pressure gradient, which is generated by a temperature difference across 
the membrane. Pre-treatment of fracking wastewater is required to increase the efficiency and 
life expectancy of the membrane by minimizing fouling of the membrane used in FO process. 
Pre-treatment can remove sand particles and oil from fracking wastewater to make the 
wastewater more suitable for FO. Ultrafiltration and microfiltration (MF) processes are 
commonly used for the separation of oil from water [59-62,178].  These pre-treatment 
processes can also remove sand particles from water. Depending on the non-dissolved 
contaminants—such as sand and oil in fracking wastewater—ultrafiltration or microfiltration 
can be used as pre-treatment technology. However, microfiltration is more convenient than 
ultrafiltration, which needs higher pressure but provides lower permeability than 
microfiltration. 
In this research, a combined process, comprised of microfiltration, forward osmosis and 
membrane distillation was applied for the first time for the treatment of fracking waster. After 
applying this combined process, fresh water was obtained from fracking wastewater.   
6.2 Materials and methods 
6.2.1 Materials 
Sodium chloride (NaCl) and sodium propionate (NaP) were purchased from Sigma-Aldrich, 
USA. Nanocomposite microfiltration membranes were produced by our laboratory and 
polysulfone (PSf) microfiltration membranes were purchased from Pall Corporation, USA. The 
flat-sheet thin-film composite (TFC) FO membranes were obtained from our laboratory 
[nanocomposite membrane] and Hydration Technology Innovations (HTI, Albany, OR, USA) 
[polyamide (PA) membrane]. Millipore, USA, provided poly(vinylidene fluoride) (PVDF) 
membrane (DuraporeR) (mean pore size 0.22 µm, porosity 75%) for membrane distillation. 
Sample fracking wastewater was obtained from Canbriam Energy Inc., Calgary, Alberta, 
Canada. The composition of dissolved inorganic solids in this wastewater is provided in Table 
4-2. De-ionized (DI) water was supplied from a Millipore Integral 10 water system (Millipore, 





6.2.2.1 Physicochemical characterization of membranes 
The thicknesses of all membranes were measured using a TMI instrument (Testing Machines, 
Inc.) [178]. The wettability and tensile strength of the membranes were investigated using a 
VCA optima instrument (AST Products, Inc.) and Instron (Mini 44), USA, respectively. Field 
emission-scanning electron microscopy (FE-SEM) (QUANTA FEG 450) with a platinum 
coating on the sample surface was performed to examine the morphology of the FO 
membranes. 
6.2.2.2 Porosity and pore sizes of MF membranes 
The gravimetric method was used to investigate porosity of the MF membranes using the 
following equation (3-1) [95-99].  
The mean pore size of the MF membranes was determined via the filtration velocity method. 
The volume of permeate water was obtained using a dead-end stirred cell filtration device 
(Millipore stirred ultra-filtration cells, 8010, USA, effective area of 0.0003 m2) connected to a 
nitrogen gas cylinder. The mean pore size (rm) was calculated using the Guerout-Elford-Ferry 
equation (3-2) [96-99].  
6.2.2.3 Pure water permeability of the membranes 
Pure water flux for the MF membranes was measured using a dead-end stirred cell filtration 
device (Millipore stirred ultra-filtration cells, 8010, USA, effective area of 0.0003 m2) 
connected to a nitrogen gas cylinder. The membrane was pre-compacted at an applied pressure 
of 0.28 bar until a constant water flux was achieved. Pure water flux at a temperature of 25 °C 
was measured at the applied pressures of 0.28, 0.55, 0.83, 1.1 and 1.38 bar. The equations (3-4) 
and (3-5) were used to calculate pure water permeability for the MF membranes [95,100]. 
The water permeability for the FO membranes were investigated using a flat-sheet bench-scale 
cross-flow RO test system. A piece of the membrane with an effective surface area of 19.94 
cm2 was placed in a stainless steel test cell with the active surface of the membrane facing the 
feed stream. Using a high-pressure positive displacement pump (Hydra-cell pump), the feed 
solution was re-circulated at 1.0 L/min. DI water was used as the feed stream to investigate 
water permeability for the FO membranes. Water permeability for the membrane were 
calculated using the equations (4-1) and (4-2) [95,137,139-140]. 
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The pressure was increased in 3.45 bar increments from 3.45 to 10.34 bar in order to 
investigate A of the FO membranes. Constant pressure was applied at each increment for 8 h. 
The water flux through the membrane was obtained from a liquid flow sensor (Sensirion, The 
Sensor Company) that was directly connected to a computer. 
6.2.2.4 Treatment of fracking wastewater 
The treatment of fracking wastewater involved three steps: microfiltration, then forward 
osmosis and finally recovery of draw solution and pure water production by membrane 
distillation. The fracking wastewater treatment process is shown schematically in Figure 1-4.  
6.2.2.4.1  Pre-treatment of the fracking wastewater 
Microfiltration for fracking wastewater water was conducted using both nanocomposite and 
PSf membranes in a dead-end stirred cell filtration device (Millipore stirred ultra-filtration 
cells, 8010, USA, effective area of 0.0003 m2) connected to a nitrogen gas cylinder. The 
membranes were pre-compacted using DI water at an applied pressure of 0.28 bar until a 
constant water flux was achieved. Then, microfiltration using the fracking wastewater as a feed 
was conducted for 12 h at a stirring rate of 500 rpm and an applied pressure of 0.28 bar. 
Turbidity, total organic carbon (TOC), conductivity and pH of the fracking wastewater after 
sample collection and after microfiltration were investigated using a MicroTPW Turbidimeter 
(HF, Scientific, Inc., USA), a TOC analyzer (TOC VCPH/CPN, Shimadzu Corp., Japan), a 
calibrated conductivity meter (Oakton, Eutech Instruments) and a calibrated pH meter (Oakton, 
Eutech Instruments), respectively.  
The osmotic pressure of the fracking wastewaters after microfiltration was also investigated in 
the following way.  
The van Laar equation (4-8) was used to calculate the osmotic pressure of the fracking 
wastewater [144-145]. The water activity was calculated by using the equation (4-9) [144,146-
147]. The vapor pressures of the fracking wastewater and DI water were investigated using a 
U-Tube Manometer (Tenaquip, Canada).   
Water flux recovery for the MF membranes after pre-treatment of fracking wastewater was also 
investigated. After filtering the fracking wastewater, the membranes were cleaned by rinsing of 
DI water for 30 min, and the pure water flux was then measured again using the equation (3-4) 
at the same applied pressure (0.28 bar). The water flux recovery was calculated according to 
the equation (3-8) [62,96, 98, 102-103]. 
100 
 
6.2.2.4.2 Treatment of the pre-treated fracking wastewater by FO 
A bench-scale FO experimental setup (Figure 2-6) was used to desalinate fracking wastewater 
using the nanocompositeas well as the PA membranes. A piece of the membrane with an 
effective surface area of 19.94 cm2 was placed in an acrylic cross-flow cell with the active layer 
of the membrane facing the feed solution. The fracking wastewater was used as feed, and NaCl 
(4.0 M) and NaP (4.6 M) were used as draw solutions to investigate desalination of the fracking 
wastewater via FO. The osmotic pressures of these two draw solutions (NaCl 4.0 M and NaP 
4.6 M) were determined using the OLI Stream Analyzer™ (OLI Systems, Inc.). On both sides 
of the membrane, the cross-flow cell had symmetric channels, which allowed for both the feed 
solution and the draw solution to flow tangentially to the membrane. Re-circulation of the feed 
solution and the draw solution on the opposite sides of the membrane was executed using two 
variable-speed gear pumps (Gear Pump Drive, Cole-Parmer Instrument Company). The flow 
rate of each solution was maintained at a constant 0.5 L/min. The feed solution temperature and 
the draw solution temperature were held constant at 24°C and monitored with a thermometer. 
The feed solution and the draw solution were placed in two separate 4.0 L reservoirs to conduct 
the experiment. The feed solution container was placed on a digital analytical balance. Each 
experiment was conducted for six hours and the concentration of the draw solution was 
adjusted by adding concentrated draw solution in every 15 min. The water flux for the FO 
membranes was obtained from the digital analytical balance by using the equation (4-1). 
Samples of the feed and draw solutions before and after the FO experiment were collected in 
order to investigate TDS and TOC. The gravimetric method was used to determine TDS while 
a TOC analyzer (TOC VCPH/CPN, Shimadzu Corp., Japan) was used to examine TOC of the feed 
and draw solutions [148-149].   
6.2.2.4.3 Water flux recovery for the FO membranes fouled by fracking wastewater 
To investigate water flux recovery for the FO membranes fouled by pre-treated fracking 
wastewater, the weight changes of feed solution throughout the FO experiments was monitored 
closely (30 minute interval) using a digital weight balance. After FO, DI water (in the both feed 
and draw side) was applied for 2 h with a flow rate of 1 L/min to physically clean the active 
surface of the fouled membranes. The water flux through the cleaned membranes was finally 
measured using 4.6 M NaP and pre-treated fracking wastewater as draw and feed solutions, 
respectively, in the same FO experiment set-up in order to investigate water flux recovery for 
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these membranes. These experiments were conducted for 6 h at the flow rate of 0.5 L/min in 
which the weight changes of feed solution were monitored using a digital weight balance at 
thirty minute intervals. The same experiment was also conducted for NaCl draw solution (4.0 
M). 
6.2.2.4.4 Recycle of draw solutions in FO 
Membrane distillation was used as a downstream separator to recycle the FO draw solutions. A 
Sterlitech membrane testcell system with a membrane active area of 34 cm2 was used to 
conduct the membrane distillation experiment. In this experiment, the draw solutions NaCl (4.0 
M) and NaP (4.6 M) (used for pre-treated fracking wastewater using nanocomposite FO 
membrane) were used as feed solutions and DI water (conductivity < 15 μS) was used as the 
coolant in the permeate side. To conduct the experiment, the feed solution and the permeate 
were placed in two separate 2.0 L reservoirs. The permeate container was placed on a digital 
analytical balance. Each experiment was conducted for 3 h, maintaining the feed and permeate 
temperatures of 50°C and 20°C, respectively. Weight changes and conductivity of the permeate 
were monitored using the digital weight balance and a calibrated conductivity meter (Oakton, 
Eutech Instruments), respectively, at 30 min intervals. Initial conductivity of the feed solution 
was also measured using the calibrated conductivity meter (Oakton, Eutech Instruments). 
Concentration of the feed solution was determined using the gravimetric method at 60 min 
intervals during the MD experiment. Permeate flux and solute rejection (in terms of 








× 100                                                                                              (6-2) 
where J1, V1, Am2, Δt2, R1, Cf1, and Cp1 are the permeate flux, permeated water volume, 
membrane effective area, measurement time, solute rejection, feed concentration and permeate 
concentration, respectively.  
6.3 Results and discussion 
6.3.1 Characteristics of the membranes used for treatment of fracking wastewater 
The characteristics of the MF membranes used for pre-treatment of fracking wastewater are 
exhibited in Table 6-1. The thicknesses of the nanocomposite and PSf membranes were almost 
identical (thickness 155 µm for nanocomposite membrane and 160 µm for PSf membrane). The 
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porosities of the nanocomposite and PSf membranes were also almost identical (porosity 78% 
for nanocomposite membrane and 75% for PSf membrane). However, the mean pore size of the 
nanocomposite membrane was 1.18 times lower as compared to that of the PSf membrane 
(mean pore size 170 nm for nanocomposite membrane and 200 nm for PSf membrane). The 
water contact angle of the nanocomposite membrane was 21°, while it was 2.14 times higher 
for the PSf membrane (water contact angle of 45°). Due to higher hydrophilicity, a much higher 
water permeability was obtained for the nanocomposite membrane (water permeability 4814 
LMH/bar) as compared to the PSf membrane (water permeability 2728 LMH/bar).  
The characteristics of the FO membranes used for desalination of fracking wastewater are also 
exhibited in Table 6-1. The thicknesses of the nanocomposite and the PA membranes were 
similar (thickness 85 µm for nanocomposite membrane and 82 µm for PA membrane). The 
water contact angle of the nanocomposite membrane was 14°, while it was 1.79 times higher 
for the PA membrane (water contact angle of 25°). Due to higher hydrophilicity, higher water 
permeability was obtained for the nanocomposite membrane (water permeability 4.5 LMH/bar) 
as compared to the PA membrane (water permeability 3.25 LMH/bar). 
A MD process was used downstream to recover and recycle the draw solution in the FO 
process. The characteristics of the membrane used in the MD process are also provided in 
Table 6-1. Hydrophobic (water contact angle of 123°) and microporous (mean pore size 220 
nm) PVDF membrane was used in the MD process. The thickness, porosity and tensile strength 
of this membrane were 158 µm, 75% and 6.5 MPa, respectively.  
Table 6-1. Characteristics of the membranes in terms of thickness, porosity, mean pore size, 











permeability   
(LMH/bar) 
MF Nanocomposite 155 78 ± 1.5 170 21 ± 1 4814 
PSf 160 75 ± 1 200 45 ± 2 2728 
FO Nanocomposite  85 - - 14 ± 0.5 4.5 
PA  82 - - 25 ± 1 3.25 
MD PVDF 158 75   220 123 ± 3 - 




6.3.2 Pre-treatment of fracking wastewater by microfiltration 
The pure water permeability values of the nanocomposite and PSf membranes are presented in 
Figure 6-1 A. It was observed that the water flux increased linearly with an increase in applied 
pressure from 0.28 bar to 1.38 bar. This increase was gradually attained in 0.28 bar increments. 
It was also observed that the value of the water permeability at each applied pressure was 
constant for the two types of membranes (4814 and 2728 LMH/bar for the nanocomposite and 
PSf membranes, respectively) (Figure 6-1 A), which indicates that no structural deformation of 
the membranes occurred when increasing the applied pressure. The water permeability of the 
nanocomposite membrane was much higher than that of the PSf membrane due to its higher 
hydrophilicity (Table 6-1). 
Water permeability as a function of time in pre-treatment of fracking wastewater by 
microfiltration is presented in Figure 6-1 B and Figure 6-1 C. The initial water permeabilities 
were 4780 and 2710 LMH/bar for the nanocomposite and the PSf membranes, respectively 
(Figure 6-1 B and Figure 6-1 C). These water permeabilities decreased to 3647 LMH/bar (for 
the nanocomposite membrane) and 1757 LMH/bar (for the PSf membrane) at the end of the 
pore clogging stage. In this stage, suspended/colloidal particles block some of the pores of the 
membrane. During the pore clogging stage, the fouling rate largely depends on the pore size 
and porosity of the membrane, which cannot fully reflect the fouling properties of the 
membranes [101,116,178]. The fouling rate in the cake filtration stage is closely related to the 
structure of the cake layer formed during wastewater filtration [101,116,178]. In the fouling 
stage, the formation rate of the cake layer on the membrane surface is closely interrelated with 
the fouling rate of the membrane [101,116,178]. In this stage (fouling stage), a 29% decline in 
water permeability was obtained for the nanocomposite membrane while that declined was 1.59 
times higher (46%) for the PSf membrane in pre-treatment of the fracking wastewater (Figure 
6-1 B and Figure 6-1 C). The lower decline in water permeability in the fouling stage was seen 






















Figure 6-1. Pure water permeability for (A) nanocomposite and PSf MF membranes, and (B) 
permeability as a function of time for fracking wastewater  using two different MF membranes 
(nanocomposite and polysulfone) and (C) magnification of blue spotted region of Fig. (B).  
[Each set of experiments was conducted three times. The average values are presented in 
Figure 6-1 B and Figure 6-1 C]. 
The dt/dV versus V filtration curves for the fouling stage in the microfiltration of fracking 
wastewater are showed in Figure 6-2. The specific cake resistance (K) for the fouling stage in 
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(C) Magnification of blue spotted 













Figure 6-2. The dt/dV versus V filtration curves for fouling stage of the (A) Nanocomposite, 
(B) PSf membranes in the microfiltration of fracking wastewater. [After data calculation, the 
dt/dV versus V filtration curve was plotted and fitted with the linear regression method. The 









 𝐕  [101,178]                                                                                                  
where dV is the permeate volume in the time of dt and q is a constant]. [Each set of 
experiments was conducted three times. The average values are presented in Figure 6-2]. 
The specific cake resistances for the fouling stage for the nanocomposite and the PSf 
membranes in microfiltration of fracking wastewater are shown in Fig. 6-3 A. The specific cake 
resistances for the nanocomposite and the PSf membranes were 0.57× 10-4 and 7.25× 10-4, 
respectively, in the microfiltration of the fracking wastewater (Figure 6-3 A). The membrane 
with a lower specific cake resistance or with higher hydrophilic properties shows better 
antifouling performance during the filtration of wastewater [101,178]. Due to higher 
hydrophilic properties, the nanocomposite membrane demonstrated lower values of specific 
cake resistances as compared to the PSf membrane. 
The antifouling properties, in terms of water flux recovery, of the nanocomposite and the PSf 
membranes in microfiltration of fracking wastewater are exhibited in Figure 6-3 B and in the 
appendix(Table D-1, Appendix D). The increase in water flux recovery means increased 
antifouling propensity of a membrane. The obtained water flux recovery of the nanocomposite 
and PSf membranes in microfiltration of fracking wastewater were 89% and 76%, respectively 
(Figure 6-3 B).  The higher water flux recovery of the nanocomposite membrane was achieved 
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due to its higher hydrophilic nature (Table 6-1) with very low values of specific cake resistance 
(Figure 6-3 A). The high water-flux recovery of the MF membranes demonstrated their 







Figure 6-3. (A) Specific cake resistance for the fouling stage and (B) Flux recovery for MF 
membranes in the microfiltartion of fracking wastewater. 
The turbidity, TOC, conductivity, and pH of the fracking wastewater were 106 NTU, 853 
mg/L, ~ 67 mS, and ~ 5.0, respectively, after collection of the sample (Table 6-2). The turbidity 
and TOC were found due to the presence of oil and dissolved organic compounds in the 
fracking wastewater. The turbidity was reduced to 1.6 NTU and 2 NTU by the nanocomposite 
and PSf membranes, respectively, after conducting microfiltration. The TOC decreased to 409 
mg/L and 413 mg/L after conducting microfiltration by the nanocomposite and PSf 
membranes, respectively. The decrease in turbidity and TOC occurred due to the removal of oil 
from the fracking wastewater by microfiltration. The TOC values of 409  mg/L (for 
nanocomposite membrane) and 413 mg/L (for PSf membrane) after microfiltration were due to 
the presence of dissolved organic compounds in the wastewater. Both of the membranes 
(nanocomposite and PSf) removed ~52 % TOC and ~98% turbidity from the fracking 
wastewater by microfiltration process. The osmotic pressure of the fracking wastewater before 






































































































Table 6-2. Characteristics of fracking wastewaters before and after pre-treatment by microfiltration. 































































6.3.3 FO performance in desalination of fracking wastewater 
6.3.3.1 Water flux and compositions of feed and draw solutions 
Water flux through the nanocomposite and PA membrane as a function of time for the raw 
fracking wastewater used as feed in FO process is shown in Figure 6-4 A and Figure 6-4 B. 
Initial water fluxes were 18.6 and 28.3 LMH for NaCl and NaP draw solutions, respectively, 
when the nanocomposite membrane was used in the FO process (Figure 6-4 A). In Figure 6-4 
A, declines of 55% for NaCl and 38% for NaP in terms of water flux were observed, likely due 
to the combined effect of membrane fouling and draw solution reverse salt flux during 
desalination of fracking wastewater. Compared to the nanocomposite membrane, lower initial 
water fluxes (13.35 LMH for NaCl and 22.2 LMH for NaP) with higher declines in water flux 
(69% for NaCl and 57% for NaP) were obtained for the PA membrane (Figure 6-4 B). Higher 
initial water fluxes with lower declines of water flux were obtained due to higher hydrophilic 
properties for the nanocomposite membranes as compared to the PA membrane.  For both 
membrane, higher initial water fluxes with lower declines of water fluxes were achieved for the 
NaP draw solution compared to NaCl (Figure 6-4 A and Figure 6-4 B). This is likely due to 
higher diffusivity with lower reverse salt flux for the NaP draw solution during FO.  
Water flux through the nanocomposite and PA membrane, as a function of time for the pre-
treated fracking wastewater used as feed in FO process is exhibited in Figure 6-4 C and Figure 
6-4 D. Slightly higher initial water fluxes were achieved (for both the FO membranes and draw 
solutions) for the pre-treated fracking wastewater as compared to the raw fracking wastewater 
used as feed in FO (Figure 6-4 A, Figure 6-4 B, Figure 6-4 C and Figure 6-4 D). The FO 
membranes may have fouled instantly with the raw fracking wastewater, something which did 
not occur for the pre-treated fracking wastewater. Thus, slightly higher initial water fluxes were 
obtained for the pre-treated fracking wastewater. In Figure 6-4 C and Figure 6-4 D, declines in 
water flux of 14% for NaCl and 4.5% for NaP were obtained for the nanocomposite membrane, 
while declines of 24% for NaCl and 9% for NaP were achieved for the PA membrane. Likely 
due to lower membrane fouling, lower declines of water fluxes were achieved for the pre-
treated fracking wastewater as compared to the raw fracking wastewater used as feed in the FO 
experiment. The average water fluxes obtained were 19.98 LMH (for NaCl), 30.97 LMH (for 
NaP) and 14.39 LMH (for NaCl), 23.79 LMH (for NaP) for the nanocomposite and the PA 















Figure 6-4. Water flux as a function of time for raw (A, B) and pre-treated (C, D) fracking 
wastewaters using two different FO membranes (Nanocomposite and PA). [Each set of 
experiments was conducted three times and the average values obtained are reported in Figure 
6-4]. 
The composition of fracking wastewater and draw solutions in terms of TDS and TOC were 
investigated before and after desalination (Table 6-3). The TDS values of feed solutions were 
slightly higher before desalination as compared to those values after desalination when NaP 
was used as draw solution. The TDS values of NaP draw solution were also slightly higher 
after desalination as compared to those values before desalination. These observations indicate 
that very small quantities of solute (NaP) might pass through the membrane from feed to draw 
side during desalination by FO. On the other hand, TDS values of feed solutions slightly lower 
before desalination as compared to those values after desalination when NaCl was used as a 
draw solution.  TDS values of the NaCl draw solution were little bit lower after desalination as 





































































Average flux 19.98 LMH 




















































Average flux 14.39 LMH 



































compared to those values of before desalination. These scenarios might be due to higher 
reverse salt flux for this draw solution as compared to the organic draw solutions. The TOC 
values of feed solutions were slightly higher after desalination as compared to those values 
before desalination for NaP draw solution. The higher TOC values obtained were likely due to 
reverse salt flux of the organic draw solutions during FO process. However, TOC values were 
almost identical before and after desalination for the NaCl draw solution, indicating greater 




Table 6-3. TDS and TOC in the feed and draw solutions at the beginning and end of the FO experiment. 
Membrane Feed solution Draw 
solution 
TDS (mg/L) in 
feed solution 
TOC (mg/L) in 
feed solution 
TDS (mg/L) in 
draw solution 





























408 233983 233839 0 0.4 
NaP 176899 493 441848 442708 165600 165520 
PA NaCl 178116 410 233983 233796 0 0.5 




6.3.3.2  Investigation of fouling behaviour for FO membranes 
Fouling behaviours of the membranes after FO were investigated through FE-SEM. FE-SEM 
images of virgin and fouled membranes (when fracking wastewater and NaP solution were 
used as feed and draw, respectively) are exhibited in Figure 6-5. The surfaces of the 
nanocomposite and PA membranes did not contain any foulant before conducting FO 
desalination, however, deposition of foulants was observed after conducting the FO experiment 
with fracking wastewater as feed (Figure 6-5). The content of foulants on the membrane 
surfaces was higher due to higher concentration of foulants in the raw fracking wastewater as 
compared to that for the pre-treated fracking wastewater (Figure 6-5 B and Figure 6-5 C). It 
was also observed that fouling propensity for the nanocomposite membrane was lower than that 
for the PA membrane. The lower fouling tendency for the nanocomposite membrane was likely 
due to its higher hydrohilicity as compared to the PA membrane. While NaCl was used as draw 
solution, the FE-SEM images of the fouled membranes are provided in the appendix (Figure D-
1, Appendix D). The FE-SEM images demonstrate that membrane fouling trends were identical 
for both draw solutions (NaP and NaCl).  
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Figure 6-5. FE-SEM 
images for (A) virgin 
membranes, and fouled 
membranes  when (B) 
raw and (C) pre-treated 
fracking wastewaters 
were employed as feed 





Fouling behaviours of the membranes were further investigated by SEM-EDX (shown in Figure 
6-6). The EDX analysis suggests the presence of C, N, O and Si atoms in the virgin 
nanocomposite membrane while the virgin PA membrane contained C, N and O atoms (Figure 
6-6 A and Figure 6-6 B). Pt was also obtained in the EDX spectra due to the Pt coating applied 
to conduct the SEM analysis on the membranes. Both membranes showed new peaks for Na, 
Ca, Mg, K, Fe and Cl after the membrane was fouled by raw fracking wastewater (Figure 6-6 C 
and Figure 6-6 D). A new peak for Si, which was not seen on the virgin PA membrane, was 
also obtained for the PA membrane fouled by the raw fracking wastewater (Figure 6-6 D). 
These observations indicate that the membranes were likely fouled probably due to sand 
particles in wastewater, and CaCO3 and MgCO3 scale formation during desalination 
experiments. The peaks for Na, K, Fe and Cl were likely obtained due to crystallization of 
NaCl, KCl and FeCl2/FeCl3 while the membranes were dried after fouling. The membranes 
might also have been fouled by organic compounds (in wastewater), which EDX cannot explain 
because the membranes themselves were composed of organic compounds. The peaks for Si 
were not observed for the PA membrane when pre-treated wastewater was used as feed (Figure 
6-6 F). The sand particles were removed completely by pre-treatment, therefore, the Si-peak 
was not exhibited in the EDX spectrum (Figure 6-6 F). However, a Si-peak was observed for 
the nanocomposite membrane when pre-treated wastewater was used as feed (Figure 6-6 E). 





Figure 6-6. SEM-EDX spectra of (A, B) virgin membranes, and fouled membranes when (C, 
D) raw and (E, F) pre-treated fracking wastewaters were employed as feed while NaP was used 
as draw solution. (The SEM-EDX spectra were taken from the red spotted regions of Figure 6-
5). 
6.3.3.3 FO water flux recovery for pre-treated fracking wastewater as foulant 
Post-desalination water flux recovery of the nanocomposite and the PA membranes was studied 
after treatment by FO. Water flux declined 4.5% and 9% over 6 h (with initial water fluxes of 
31.78 LMH for the nanocomposite and 24.83 LMH for the PA membranes)for the 
nanocompositeand the PA membranes, respectively, when 4.6 M NaP was used as draw 
solution against pre-treated fracking wastewater (Figure 6-7 A). These declines in water flux 
were mostly due to membrane fouling along with draw solution reverse salt flux. The 
membranes were physically cleaned after conducting the desalination of fracking wastewaters 
(A) Virgin nanocomposite membrane (B) Virgin PA membrane
(F) PA membrane fouled by 
pre-treated wastewater
(C) Nanocomposite membrane 
fouled by raw wastewater
(D) PA membrane fouled by 
raw wastewater
(E) Nanocomposite membrane 
fouled by pre-treated wastewater
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by FO. The FO water flux of the cleaned membranes was determined in order to investigate 
water flux recovery of the membranes.The initial water flux recovery of 98.5% (31.32 LMH) 
and 97% (24.08 LMH) with  water flux declines of 7% and 13% over 6 h were obtained for the 
cleaned nanocomposite and the cleaned PA membranes, respectively (Figure 6-7 B and Figure 
6-7 C). In fact, mostly inorganic fouling (scaling by CaCO3 and MgCO3) with only some 
organic fouling occurred on the membrane surface during FO desalination.FO water flux 
recovery data of the nanocomposite and the PA membranes, when NaCl was used as draw 
solution against pre-treated fracking wastewater, are exhibited in the appendix (Figure D-2, 






Figure 6-7. (A) Decline of water flux for the pristine membrane when 4.6 M NaP is used as 
draw solution against pre-treated fracking wastewater, (B) Decline of water flux after cleaning 
the membrane fouled by the pre-treated fracking wastewater (Draw solution: 4.6 M NaP, Feed: 
Pre-treated fracking wastewater), and (C) Initial FO water flux recovery after cleaning of the 
membrane fouled by the pre-treated fracking wastewater. [Each set of experiments was 
conducted three times and the average values are reported in Figure 6-7 A and Figure 6-7 B]. 
6.3.4 Recycling draw solution in the FO using MD 
The draw solutions (obtained from FO) were used as feed solutions in the MD process, by 
which the separation of these draw solutions was conducted in order to recycle draw solute for 
reuse in further FO process. In the MD process, the permeate fluxes were approximately 10.40 
LMH for NaCl and 13.82 LMH for NaP where a ~99.99% solute rejection rate (TDS of  
permeated water 23 mg/L for NaCl and 44 mg/L for NaP) was obtained for both the draw 
solutions (Figure 6-8 A and Figure 6-8 B). Likely, the higher permeate flux for NaP was 
obtained due to its lower interaction with water molecules as compared to the NaCl draw 





























































































































solution. The concentrations of the draw solutions increased over time in the MD process as 
demonstrated in Figure 6-8 C. Since water passed from feed to permeate side, the concentration 
of feed solution increased as a function of time in the MD process. These concentrated feed 






Figure 6-8. Permeate flux, (B) Permeate quality and (C) Feed concentration as a function of 
time in MD process in which the pre-treated fracking wastewater was used as feed with 
nanocomposite membrane. [Feed: Draw solutions NaCl (4.0 M) and NaP (4.6 M) obtained at 
the end of FO experiment used for pre-treated fracking wastewater using nanocomposite FO 
membrane; Feed temperature: 50 °C; Permeate temperature: 20 °C; Membrane effective area: 
34 cm2]. [Each set of experiments was conducted three times with average values obtained 
reported in Figure 6-8]. 
6.4. Conclusions 
A combined system composed of microfiltration, forward osmosis, and membrane distillation 
was successfully applied for the treatment of fracking wastewater. In fact, both insoluble and 
soluble contaminants were removed by microfiltration and forward osmosis, respectively. 
Membrane distillation was used as a downstream separator to recycle FO draw solutions as 
well as to produce pure water. Via the pre-treatment process, about 52% of TOC and 98.5% of 
turbidity were removed from the fracking wastewater, which was used as the feed solution in 
FO process. Average FO water fluxes of 19.98 LMH for NaCl and 30.97 LMH for NaP draw 
solutions against pre-treated fracking wastewater as feed solution were obtained when using a 
nanocomposite membrane, while these water fluxes were 14.39 LMH for NaCl and 23.79 LMH 
for NaP draw solutions when using a PA membrane. High solute rejection was obtained by 
both membranes (nanocomposite and PA) in the FO treatment of pre-treated fracking 































































































wastewater. This research also demonstrated that 98.5% and 97% of initial water flux can be 
recovered by the nanocomposite and PA membranes, respectively, after desalination of 
fracking wastewater. In membrane distillation, permeate fluxes were about 10.40 LMH for 
NaCl and about 13.82 LMH for NaP with approximately 99.99% solute rejection, producing 
treated water with TDS 23-44 mg/L. This result indicates a successful implementation of 
membrane distillation as a downstream separator in the FO process. Therefore, the combined 
MF-FO-MD process has major potential to be used for the treatment of high salinity waste 
streams such as fracking wastewater. 
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Chapter 7: Contributions, Conclusions and Recommendations for Future Work 
7.1 Contributions 
In this study, two novel, highly-effective membrane materials were synthesized, characterized 
and evaluated for their performance in practical applications: PVAc-coated electrospun nylon 
6/SiO2 composite MF membrane and electrospun nylon 6/SiO2 composite supported TFC FO 
membrane with a polyamide/SiO2 composite active layer. A comprehensive study into the 
selection of novel, highly-effective organic draw solutions for the desalination of fracking 
wastewater by FO process was also conducted for the first time. Finally, MF was tested for the 
first time as a pre-treatment process, using the fabricated MF membrane, along with FO, using 
the fabricated TFC membrane, as a post-treatment process for the desalination of highly saline 
fracking wastewaters. The identified organic draw solutions were used in the FO process for 
desalination of the fracking wastewaters. In the pre-treatment stage, ~ 98.5% turbidity and ~ 
52% TOC were removed from the fracking wastewater by the MF process. Finally, treated 
water with TDS 23-44 mg/L was obtained from the pre-treated fracking wastewater by the 
combined process consisted of FO and MD.  
From this work, four journal articles are expected with one already having been published in a 
well reputed journal in our field of research. The list of the articles (published, submitted, and 
in preparation) are provided below: 
1. M. S. Islam, J. R. McCutcheon, M. S. Rahaman, A high flux polyvinyl acetate-coated 
electrospun nylon 6/SiO2 composite microfiltration membrane for the separation of oil-in-water 
emulsion with improved antifouling performance, J. Membr. Sci. 537 (2017) 297–309 
(Published). 
2. M. S. Islam, M. S. Rahaman, Forward Osmosis Treatment of Fracking Wastewaters: 
Evaluation of Suitable Organic Draw Solutions (Submitted).  
3. M. S. Islam, J. R. McCutcheon, M. S. Rahaman, Silica Nanoparticle Containing Novel Thin-
Film Composite Forward Osmosis Membrane with High Flux and Antifouling Properties (In 
Preparation). 
4. M. S. Islam, M. S. Rahaman, Performance of Combined MF-FO-MD processes for Fracking 
Wastewater Treatment (In Preparation). 
Presentation has been made at scientific conferences to present the research work which was 
conducted during my Ph.D. studies. The list of all conferences is provided below: 
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1. M. S. Islam, S. Sultana, M. S. Rahaman, “Renewable Energy Generation through Osmotic 
Heat Engine”, 12th International Conference on Mechanical Engineering, ICME 2017, 
December 20-22, 2017, BUET, Dhaka, Bangladesh. 
2. M. S. Islam, S. Sultana, M. S. Rahaman, “Highly Effective Microfiltration Membrane Based 
on Electrospun Nylon 6/SiO2 Composite”, Gordon Research Conference, July 31 - August 5, 
2016, New London, NH, USA. 
3. M. S. Islam, M. S. Rahaman,“Electrospun Nylon 6 Microfiltration Membrane for Treatment 
of Brewery Wastewater”, 11th International Conference on Mechanical Engineering, ICME 
2015, December 18-20, 2015, BUET, Dhaka, Bangladesh. 
4. M. S. Islam, M. Lemieux, M. S. Rahaman, “Effective organic draw solutes for engineered 
osmosis processes”, 250th ACS National Meeting and Exposition, August 16-20, 2015, Boston, 
Massachusetts, USA. 
5. M. S. Islam, M. S. Rahaman, “Highly porous superhydrophilic ultra-filtration membrane 
based on electrospun Nylon 6/SiO2 composite”, North American Membrane Society (NAMS) 
annual conference, May 30-June 03, 2015, Boston, Massachusetts, USA. 
6. M. S. Islam, M. S. Rahaman, “Preparation & characterization of polymer/CNT composite 
nanoparticles and nanofibers through electrospinning”. CSCE-2014 Annual Conference, 
Halifax, Nova Scotia. 
7. A. Meikleham, M. S. Islam, M. S. Rahaman, Electorowicz, M., “Removal of Emerging 
Contaminants from Wastewater Effluents Using Nano-Composite Electrochemical Filters”. 
CSCE-2014 Annual Conference, Halifax, Nova Scotia. 
7.2 Conclusions 
Today, a huge quantity of highly saline wastewater (about 37 billion cubic feet/day) is released 
during the hydraulic fracturing process, a technology growing in use in a rapidly growing shale 
gas industry. The management of the released fracking wastewater is a serious challenge 
because of its harmful consequences to public health and to the environment at large. This 
highly saline fracking waster also contains sand and oil as suspended solids. In order to re-cycle 
the fracking wastewater, these suspended and dissolved solids can be removed by pre- and 
post-treatment of the fracking wastewater. Sand particles and oil can be removed from the 
fracking wastewater by microfiltration as a pre-treatment step. As a post-treatment process, FO, 
coupled with membrane distillation as downstream separator for draw solution recovery, can be 
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used to desalinate the highly saline pre-treated fracking wastewater. Identification of effective 
draw solutions, the fabrication of a novel MF membrane with high water flux, high rejection 
and antifouling properties, and the fabrication of a novel FO membrane with high water flux, 
high rejection and antifouling properties were performed in order to optimize the FO process 
for successful treatment of fracking wastewater. In this research, seven potentially effective 
draw solutions were preselected for FO, with four of them demonstrated to be effective in 
treating the highly saline fracking wastewater. A high water flux polyvinyl acetate-coated 
electrospun nylon 6/SiO2 composite MF membrane was fabricated and its performance has 
been tested in regards to water flux, oil rejection, and antifouling properties. This membrane 
exhibited better results than those seen with the commercially available MF membranes 
currently used for the same application. In the next step of this research, a high water-flux 
membrane with high rejection and antifouling properties was fabricated and characterized for 
use in FO. Finally, the fracking wastewaters were pre-treated using MF and then post-treated 
using FO coupled with membrane distillation using the membranes fabricated. This combined 
MF-FO-MD process yielded water with TDS 23-44 mg/L from the highly saline fracking 
wastewater. Literature demonstrates that the standard TDS values are 0 - 1000 mg/L for fresh 
water, 1000 - 10,000 mg/L for brackish water and  ˃ 10,000 mg/L for saline water [201-202]. 
As it is demonstrated that TDS contents after treatment of fracking wastewaters by the 
combined MF/FO/MD process were in between 23 - 44 mg/L. This result revealed fresh water 
was obtained after treatment of highly saline fracking wastewaters. Most water used in 
hydraulic fracturing comes from surface water sources like lakes, rivers, aquifers, and 
municipal supplies [203]. Therefore, treated water coming from fracking wastewater can be 
reused for hydraulic fracturing as well as in utility sector. This treated water can also be reused 
for agricultural purpose in the areas very close to hydraulic fracturing industry.  
The concentrated feed solution obtained from FO unit used in the combined MF/FO/MD 
process could be managed by disposing to evaporation pond. A geomembrane linear would be 
required to hinder seepage into ground in the pond. The area and depth of the pond should be 
designed by considering evaporation rate as compared to the volume of concentrated feed 
solution discharge. The salt residue after evaporation of water can be removed at regular time 
period to enlarge the pond’s life. The residue is mainly NaCl, which can be used as raw 
materials in chlor-alkali industry and soda-ash industry.  
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7.3 Recommendations for future work 
In this thesis, the following research was conducted: 
(a) Fabrication of A High Flux Polyvinyl Acetate-coated Electrospun Nylon 6/SiO2 Composite 
Microfiltration Membrane for the Separation of Oil-in-Water Emulsion with Improved 
Antifouling Performance, (b) Evaluation of Suitable Organic Draw Solutions for Forward 
Osmosis Treatment of Fracking Wastewaters, (c) Fabrication of Silica Nanoparticle Containing 
Novel Thin-Film Composite Forward Osmosis Membrane with High Flux and Antifouling 
Properties, and (d) Performance of Combined MF-FO-MD processes for Fracking Wastewater 
Treatment.  
The following research can be conducted in the future: 
(a) Various pre-treatment methods for FO treatment of fracking wastewater 
In this thesis, the only pre-treatment method used was microfiltration. In the future, various 
pre-treatment methods, such as ultrafiltration, coagulation, flocculation, electrocoagulation, and 
electrooxidation should be evaluated for use with fracking wastewater with performance 
between these methods and microfiltration then compared.   
(b) Treatment of other saline wastewaters 
In this thesis, the combined MF-FO-MD process was applied only to treat highly saline 
fracking wastewater. Treated water with TDS 23-44 mg/L was obtained by this combined 
process. Saline wastewaters are produced by a number of industries, such as food, leather, and 
petroleum production [200]. In future work, the combined MF-FO-MD process should be 
applied to treat the saline wastewaters released from these industries in order to compare the 
removal capacity for a wider variety of compounds.   
(c) Fabrication of a highly effective membrane for the membrane distillation process 
In this thesis, membrane distillation was used as a downstream separator in order to recover the 
draw solutions used in the FO process. Membrane distillation is a thermally driven process in 
which water vapor passes through a non-wetted microporous hydrophobic membrane. The 
driving force behind this process is the vapor pressure gradient, which is generated by a 
temperature difference across the membrane. However, fouling and wetting are major concerns 
for the membrane currently used for this process. In fact, fouling and wetting decrease 
permeate flux and permeate quality, respectively. Therefore, a novel, highly-effective 
membrane for membrane distillation process should be fabricated and evaluated in future work. 
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A highly effective membrane for this process could be fabricated via electrospinningusing 
polymers such as polyvinylidene fluoride, pentafluorostyrene, polystyrene, or poly(ε-
caprolactone) with fluoroalkylsilanes, and nanoparticles such as hydrophobic silica, cerium(IV) 
dioxide, or graphene.  
(d) Synthesis of magnetic nanoparticles as draw solutions for FO process 
As discussed earlier, membrane distillation was used as a downstream separator to recycle draw 
solutions used in the FO process. However, fouling and wetting are two key concerns identified 
with the membranes used in membrane distillation. Therefore, the researchers are searching for 
a feasible alternative downstream separation technique. Magnetic separation can be used as a 
feasible downstream technique, however, this can only be used for magnetic draw solutions. 
Effective magnetic draw solutions for FO process should be synthesized for evaluation in 
future research. It is necessary to note that the synthesized draw solutions must also be suitable 
for FO treatment of highly saline fracking wastewater.  
(e) Scale up of the combined MF/FO/MD process 
A new combined MF/FO/MD process has been applied for treatment of fracking wastewater in 
this research. Each step of the combined process was used separately for treatment of the 
fracking wastewaters in this study. In future reaserch, a continuous process composed of MF, 
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Table A-1. Oil content determination (at different applied pressures) in O/W emulsions 
separated by PVAc-coated N6/SiO2 (20 wt.%) membrane using UV-calibration curve. 
Applied 
pressure (psi) 
Before filtration After filtration Oil rejection 
(%) Oil conc. (mg/L) Absorbance Oil conc. 
(mg/L) 
4 250 0.0114 3.00 98.80 
500 0.0180 5.00 99.00 
1000 0.0279 8.00 99.20 
8 250 0.0197 5.50 97.80 
500 0.0230 6.50 98.70 
1000 0.0345 10.00 99.00 
12 250 0.0362 10.50 95.80 
500 0.0287 8.25 98.35 
1000 0.0385 11.20 98.88 
16 250 0.0444 13.00 94.80 
500 0.0312 9.00 98.20 
1000 0.0444 13.00 98.70 
20 250 0.0568 16.75 93.30 
500 0.0320 9.25 98.15 













Table A-2. Oil content determination (at different applied pressures) in O/W emulsions 
separated by commercial PSf membrane using UV-calibration curve. 
Applied 
pressure (psi) 
Before filtration After filtration Oil rejection 
(%) Oil conc. (mg/L) Absorbance Oil conc. 
(mg/L) 
4 250 0.0176 4.88 98.05 
500 0.0197 5.50 98.90 
1000 0.0312 9.00 99.10 
8 250 0.0281 8.05 96.78 
500 0.0246 7.00 98.60 
1000 0.0378 11.00 98.90 
12 250 0.0363 10.55 95.78 
500 0.0263 7.50 98.50 
1000 0.0385 11.20 98.88 
16 250 0.0477 14.00 94.40 
500 0.0329 9.50 98.10 
1000 0.0477 14.00 98.60 
20 250 0.0609 18.00 92.80 
500 0.0345 10.00 98.00 
1000 0.0510 15.00 98.50 
 
Table A-3. Oil content determination (at different applied pressures) in O/W emulsions 
separated by commercial PVDF membrane using UV-calibration curve. 
Applied 
pressure (psi) 
Before filtration After filtration Oil rejection 
(%) Oil conc. (mg/L) Absorbance Oil conc. 
(mg/L) 
4 250 0.0370 10.75 95.70 
500 0.0200 5.60 98.88 
1000 0.0345 10.00 99.00 
8 250 0.0485 14.25 94.30 
500 0.0256 7.30 98.54 
1000 0.0401 11.70 98.83 
12 250 0.0577 17.03 93.19 
500 0.0263 7.50 98.50 
1000 0.0418 12.20 98.78 
16 250 0.0740 21.98 91.21 
500 0.0345 10.00 98.00 
1000 0.0497 14.60 98.54 
20 250 0.0827 24.60 90.16 
500 0.0350 10.15 97.97 
1000 0.0560 16.50 98.35 
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Effect of RH on electrospun N6 nanofibers 
           Figure A-2 shows the FE-SEM images of electrospun N6 nanofibers as a function of RH 
(30, 40, 50 and 60%). The RH has a significant effect on diameter and shape of nanofibers 
during electrospinning of polymeric solutions [204]. In fact, the viscosity of solution and how 
fast the solvent evaporates upon the formation of the fiber can be changed by changing the 
relative humidity. The larger diameter of nanofibers was obtained at 30% RH because the 
solution viscosity was higher at this RH (30%) (Figure A-2 A). Higher viscosity of the solution 
was responsible to obtain the nanofibers with higher diameter [105].  Compared to the 
nanofibers at 30% RH, relatively lower diameter nanofibers (80-160 nm) were obtained at the 
relative humidity of 40% (Figure A-2 B). The nanifiber diameters were decreasing more 
consecutively with bead formation at the relative humidity of 50% and 60% (Figure A-2 C and 
Figure A-2 D). At the higher relative humidity, the solution viscosity became lower and it was 
also difficult to evaporate the solvent to form fiber when the liquid jets moved from the nozzle 
tip to collector during electrospinning. Therefore, 40% of relative humidity was the optimum 
condition for N6 solution to produce the best electrospun nanofibers (Figure A-2 B).  
 
Figure A-2. FE-SEM images of electrospun pristine N6 nanofibers at the relative humidity of 






1 µm 1 µm
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Dynamic water contact angle of the E.Spun N6 nanofiber mat 
The volume changing method using the VCA optima instrument (AST Products, Inc.) was used 
to investigate the dynamic water contact angle of the E.Spun N6 nanofiber mat. First, a small 
water droplet was formed and placed on the surface of the nanofiber mat. The needle was then 
brought near the surface and the volume of the droplet was gradually increased while 
simultaneously recording. This provided a measurement of the advancing water contact angle. 
The receding water contact angle was measured the same way however the volume of the water 





































































































































Figure A-4. Average pore sizes of the electrospun N6/SiO2 (20 wt.%) composite nanofiber mat 






Figure A-5. The dt/dV versus V filtration curves of the (A) fabricated membrane, (B) 
commercial PSf membrane and (C) commercial PVDF membrane for microfiltration of O/W 
emulsion.   
Table A-4. Antifouling test results 
Membrane Pure water flux (LMH) at 0.28 bar Flux recovery, FR (%) 
Before fouling After fouling 
Fabricated 1348 1146 85 
Comm. PSf 764 565 74 
Comm. PVDF 284 65 23 
 
 
Figure A-6. Oil contact angle under water of the fabricated MF membrane. 


















y = 0.000044 x + 0.0578
R2 = 0.9986
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Figure B-1. A schematic representation of FO process. 




(× 10-9 m2/s) 
Solubility (g/L) Conc. (M) at 
solubility 
Osmotic pressure 
(MPa) at solubility 
NH4HCO3 1.42 220 2.78 11.50 
 












Osmotic pressure (MPa) 
KAc 0.66 2.266 2.80 2.266 2.80 
KF 0.68 2.266 2.80 2.258 2.79 
NaGly 0.73 2.266 2.80 2.266 2.80 








































Figure C-1. FE-SEM images of the top surface of electrospun N6 supported TFC membranes 




Table D-1. Results from flux recovery test. 
Wastewater   MF membrane Pure water flux (LMH) at 0.28 bar FR (%) 
Before filtration of 
fracking wastewater 




Nanocomposite 1348 1200 89 












Figure D-1. FE-SEM images of fouled FO membranes (nanocomposite and PA) when (A) raw 
and (B) pre-treated fracking wastewaters were employed as feed solution, while NaCl was used 






Figure D-2. (A) Decline of water flux for the pristine membrane when pre-treated fracking 
wastewater was used as feed and 4.0 M NaCl was used as draw solution, (B) Decline of water 
flux after cleaning of the membrane fouled by the pre-treated fracking wastewater (Feed: Pre-
treated fracking wastewater, Draw solution: 4.0 M NaCl), and (C) Initial FO water flux 
recovery after cleaning of the membrane fouled by the pre-treated fracking wastewater. [Each 
set of experiments was conducted three times and the average values of the data obtained from 
these experiments are reported in Figure D-2 A and Figure D-2 B]. 
































































































Flux decline 28% 
(B)Draw solution: NaCl
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